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Abstract 


Historically,  e-beam  processed  resins  resulted  in  brittle  matrix  materials  that  were  ineffective 
in  meeting  the  performance  demands  of  the  military,  largely  because  the  resins  lacked  toughness. 
Toughness  is  a  critical  parameter  of  resins  that  determines  the  ability  of  the  resin  to  absorb 
energy  and  resist  crack  growth  under  stress.  The  U.S.  Army  Research  Laboratory  (ARL)  has 
developed  the  first  high-performance  adhesive  paste  cured  by  e-beam  for  bonding  and  repair  of 
military  PMC  structures.  This  new  material,  ADEP01,  is  a  low-pollutant  technology  with  the 
potential  to  replace  mechanical  fasteners  and  autoclave  processed  adhesives  for  repair  and 
assembly  in  military  applications.  ADEP01  was  developed  from  interpenetrating  polymer 
network  (IPN)  architecture  as  a  two-part  paste  adhesive.  The  chemistry  of  ADEP01  is  presented 
as  well  as  selected  design  parameters  that  influenced  the  development  of  this  class  of  adhesive 
pastes.  The  method  of  processing  and  the  development  of  in  situ  toughening  during  processing 
are  presented.  Further,  the  performance  of  ADEP01  is  compared  to  traditional  aerospace-grade 
adhesives,  demonstrating  the  feasibility  of  designing  high-performance  e-beam  cured  materials. 
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1.  Introduction 


Future  demands  for  lightweight,  rapid-strike  ground  and  air  vehicles,  as  described  in  current 
projections  for  Army  After  Next  (AAN)  combat  forces,  will  require  an  increased  use  of 
composite  structures  in  Army  systems  [1].  The  composite  solutions  that  are  envisioned, 
particularly  polymer  matrix  composites  (PMCs),  are  actually  multimaterial  multifunctional 
assemblies  that  are  adhesively  bonded.  There  is  a  need  to  effectively  join  the  layers  in  these 
structures  since  the  individual  constituents  are  structural  subelements.  The  methods  of  assembly 
and  repair  must  be  cost  effective,  amenable  to  thick  sections,  and  meet  the  necessary 
performance  criteria,  often  including  the  return  of  ballistic,  fire-protective,  structural,  and 
electrical  properties.  Furthermore,  one  can  project  a  need  for  efficient  and  effective  repair 
methods  that  will  require  high-performance  adhesives. 

Looking  forward,  multifunctional  composite  structures  present  challenges  to  the  effective 
fielding  of  PMCs  in  ground  vehicle  applications.  PMC  manufacturing  and  repair  processes 
result  not  only  in  a  repaired  or  manufactured  part  but  also  in  hazardous  waste,  hazardous 
emissions,  and  solid  waste.  A  recent  study  assessed  the  type  and  quantity  of  pollutants  from  a 
number  of  composite  manufacture  and  repair  process  techniques  [2].  Using  current  production 
methods,  the  expanded  use  of  composite  materials  will  lead  to  an  increased  waste  stream  (trim, 
consumables,  volatile  organic  compound  [VOC]  emissions)  from  assembly  and  repair,  an 
increased  hazardous  waste  stream  due  to  shelf  life  expiration  (refrigeration),  and  an  increased 
dependence  on  autoclave  processing  (NO*).  Eliminating  or  minimizing  the  contribution  of 
composite  repair  and  remanufacture  to  the  waste  stream  will  grow  in  importance  as  the  use  of 
composite  materials  expands.  Consequently,  the  Department  of  Defense  (DOD)  requires  (1)  a 
reassessment  of  current  repair  procedures;  (2)  the  maturation  of  new  technologies  that  reduce 
hazardous  emissions  and  waste  due  to  repair;  and  (3)  the  redesign  and  remanufacture  of 
components  incorporating  new  technologies  that  maximize  the  opportunity  for  practical, 
affordable,  and  reliable  repairs.  Any  new  technologies  are  expected  to  reduce  environmental 
impact  and  its  associated  costs. 
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Although  no  single  solution  can  reduce  the  environmental  impact  of  the  entire  range  of 
materials,  applications,  and  processing  scenarios  for  composite  repair  and  remanufacture 
throughout  DOD,  there  are  a  number  of  approaches  to  mitigate  environmental  impact.  Reducing 
the  production  of  hazardous  emissions  and  wastes  can  be  achieved  by  a  reduction  in  shelf-life 
limitations,  incorporation  of  localized  heating,  reduction  in  processing  steps,  and  containment 
and  recycling  of  VOCs.  In  general,  new  materials  that  can  be  cured  out-of-autoclave  will  be  key 
to  meeting  hazardous  waste  reduction  efforts. 

Rapid  joining  capabilities  for  PMC  manufacture  include  nonautoclave  techniques  for  curing 
thermoset  adhesives  such  as  induction  [3],  ultraviolet  (UV)  [4],  and  electron  beam  (e-beam)  [5] 
processing.  E-beam  and  UV  curing  methods  have  been  extensively  evaluated  in  coatings 
applications  and  show  considerable  promise  as  alternative  curing  strategies  for  thermoset  PMCs 
[6],  while  induction  curing  has  the  greatest  potential  for  implementation  into  a  portable  repair 
unit  [7].  Each  of  these  alternative  methods  of  manufacture  will  eliminate  or  minimize  the  use  of 
autoclave  curing  and  may  produce  resins  with  extended  shelf  life.  Technical  barriers  that  need  to 
be  addressed  for  the  environmentally  friendly  alternative  cure  and  processing  methods  to  gain 
acceptance  include  formulating  toughened  resins  and  adhesives,  optimizing  process  parameters, 
and  demonstrating  acceptable  performance.  The  work  presented  here  seeks  to  develop  extended 
shelf  life  resins  with  equivalent  or  improved  performance  to  currently  existing  products  for 
various  military  applications. 

When  considering  thermoset  adhesives  for  repair  of  composite  materials,  shelf  life  becomes  a 
major  environmental  and  economic  consideration.  Most  adhesive  and  composite  material  resin 
systems  cure  slowly  during  storage.  For  these  systems,  processing  and  performance 
requirements  can  be  met  only  within  the  designated  storage  period  or  shelf  life  (Figure  1). 
Shelf-life  limitations  for  commonly  used  composite  material  systems  and  adhesives  are  shown  in 
Tables  1  and  2,  respectively.  No  commercially  available  structural  adhesives  approved  for  use  in 
DOD  applications  having  a  shelf  life  longer  than  12  months  have  been  identified.  Shelf  life  is 
generally  listed  for  a  required  level  of  reduced-temperature  storage.  Once  the  partially  cured 
material  is  removed  from  cold  storage,  the  limit  on  useful  life  is  called  “out-time.” 
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Figure  1.  Shelf  Life  Expires  When  Material  Processing  Characteristics  No  Longer  Meet 
Specification  Limits. 


Table  1.  Shelf-Life  Limitations  of  Commonly  Used  Composite  Materials  [8] 


Resin/Fiber  System 

Processing 

Temperature 

(°F) 

Service 
Temperature 
(°F,  Dry) 

Shelf  Life 
atO  °F 
(Months) 

Out-Time 

atRT* 

(Days) 

Epoxy/Carbon  Fiber 

250-350 

180-450 

6-12 

10-30 

Epoxy/  Aramid  Fiber 

250-285 

250 

6 

10-30 

Epoxy/S-2  Glass  Fiber 

250-350 

250-350 

6 

12 

Bismaleimide/Carbon  Fiber 

350-475 

450-600 

6 

28 

Cyanate  Ester/Carbon  Fiber 

250-450 

450-480 

12 

30 

Cyanate  Ester/Quartz  Fiber 

250-350 

200-350 

6 

21 

Polyimide/Quartz  Fiber 

550-650 

600 

6 

10 

aRoom  temperature. 


Materials  that  have  exceeded  shelf  life  or  out-time  are  partially  cured  beyond  acceptable  limits, 
can  no  longer  be  used,  and  are  considered  hazardous  waste  under  Resource  Conservation  and 
Recovery  Act  (RCRA)  specifications  [9].  Epoxy  and  other  commonly  used  resins  have  finite 
shelf  lives  and  must  be  disposed  of  after  expiration,  creating  unnecessary  and  expensive 
($25— 50/lb)  waste.  A  1995  report  contends  that  each  year  millions  of  pounds  of  expired  material 
and  associated  packaging  are  processed  for  disposal  by  DOD  [10]. 
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Table  2.  Shelf-Life  Limitations  of  Commonly  Used  Adhesives 


Adhesive  System 

Processing 

Temperature 

(°F) 

Service 
Temperature 
(°F,  Dry) 

Shelf  Life 
at  <40  °F 
(Months) 

Shelf  Life 
at  <77  °F 
(Months) 

Out-Time 
at  RTa 

Hysol  EA  9390 
Two-Part  Epoxy 
Paste  [11] 

200 

350 

12 

6 

2  hr 

Hysol  EA  9394 
Two-Part  Epoxy 
Paste  [12] 

RT 

350 

12 

12 

1.5  hr 

Hysol  EA9396/C-2 
Two-Part  Epoxy 
Paste  [13] 

200 

400 

12 

12 

8  hr 

Hysol  EA  9695 
Epoxy  Film  [14] 

250-350 

300 

6  at  0  °F 

3 

90  days 

a  Two-part  paste  out-times  are  after  mixing. 


Hazardous  waste  generated  as  a  result  of  shelf  life  expiration  can  be  eliminated  by  using 
alternative  processing  where  appropriate.  Furthermore,  the  number  of  processing  steps  can  be 
reduced  by  combining  processing  steps  through  co-injection  and,  to  a  lesser  extent,  with 
localized  heating.  Co-injection  involves  the  simultaneous  processing  of  different  resins  into  a 
single  component.  VOC  emissions  are  reduced  primarily  by  rapid  curing,  which  ensures  that 
low-molecular-weight  materials  polymerize  before  evaporating,  thus  providing  large  reductions 
in  the  production  of  volatile  species.  Shelf  life  expiration  can  also  be  eliminated  by 
remanufacturing  thermoset-based  composite  components  with  thermoplastic-based  designs  and 
processes.  The  work  reported  here  addresses  the  shelf  life  issue  because  the  development  of  an 
extended  shelf  life  for  resins,  and  in  particular  adhesives  for  repair,  will  greatly  reduce  the 
environmental  impact  of  increasing  composite  usage. 

Addressing  issues  related  to  environmental  pollution  control  requires  the  introduction  of  new 
materials  technologies  that  have  a  reduced  environmental  impact  while  providing  equivalent  or 
improved  materials  performance.  E-beam  curing  technology  has  been  earmarked  as  an  enabling 
technology  for  fabricating  affordable  integrated  composite  assemblies  and  has  been  rapidly 
maturing  over  the  last  5  yr.  E-beam  curing  of  composite  materials  is  achieved  by  using  a  stream 
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of  high-energy  electrons  to  activate  cross-linking  in  polymers  that  are  modified  to  be  radiation 
sensitive.  E-beam  curing  is  a  nonthermal  process  that  eliminates  the  temperature,  pressure,  and 
size  demands  of  the  traditional  autoclave  cure.  Consequently,  the  development  of  e-beam 
curable  resins  and  adhesives  is  a  crucial  facet  to  both  environmental  and  economic  advancement 
in  materials  design. 

The  greatest  limiting  factor  in  the  widespread  acceptance  of  alternative  cure  technologies  has 
been  deficient  performance  of  alternative-cure  adhesives  and  resins.  This  report  discusses 
progress  in  alternative-cure  adhesive  technology  for  reduced  environmental  impact  and  improved 
performance.  A  new  class  of  e-beam-cured  adhesives  is  presented,  which  demonstrates  that 
alternative-cure  techniques  can  effectively  replace  thermal  and  autoclave  repair  methods  in  both 
present  and  future  applications.  We  demonstrate  that  these  new  materials  are  designed  to  exceed 
the  performance  of  current  adhesive  repair  methods.  The  state  of  the  art  in  alternative-cure 
technology,  particularly  e-beam,  has  not  previously  achieved  the  performance  criteria,  such  as 
adhesive  toughness,  of  traditional  thermal  and  autoclave-cured  adhesives.  We  demonstrate  that 
both  toughness  and  durability  can  be  achieved  in  alternative-cure  adhesives  by  designing 
innovative  materials.  Furthermore,  the  e-beam-curable  adhesive  formulations  have  dramatically 
improved  shelf-life  stability  compared  to  current  products.  From  the  results  demonstrated  in  this 
report,  reducing  environmental  impact  while  increasing  the  applicability  of  composites  can  be 
achieved  through  materials  design  and  incorporation  of  new  technological  approaches. 

2.  Background 

Alternative  curing  of  composites  and  adhesives  has  great  potential  for  lowering  the  cost  and 
environmental  impact  of  manufacture  and  repair  of  military  composite  structures.  In  1989,  the 
Department  of  Energy  (DOE)  recognized  the  importance  of  developing  new  technologies  for  the 
manufacture  of  composite  resin  systems  [15].  The  potential  advantages  from  e-beam  curing 
techniques  include  six  key  process  improvements: 
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(1)  Improved  resin  stability.  Radiation-cured  resins  are  much  more  stable  at  room 
temperature.  Thus,  a  longer  shelf  life  of  the  monomer  materials  can  be  realized  for 
e-beam  materials  and  reduce  hazardous  waste  disposal. 

(2)  Increased  complexity  of  materials  manufactured.  By  decreasing  the  processing 
temperatures  associated  with  cure  of  the  composite,  more  complex  parts  can  be 
realized.  The  advantage  of  decreased  part  shrinkage  and  warpage  will  couple  with 
low-cost  tooling  to  improve  shape  variability  in  composite  manufacture. 

(3)  Control  of  the  extent  of  curing  and  improved  uniformity  of  material  cure.  Because 
e-beam  curing  is  a  radiative  process,  the  input  parameters  for  a  given  shape  can  be 
varied  as  necessary  to  ensure  complete  curing  of  the  composite. 

(4)  Reduction  in  curing  time.  Curing  of  composite  materials  can  be  accomplished  in  a  few 
minutes,  rather  than  the  multiple  hours  necessary  to  complete  a  thermal  cure  under 
autoclave  conditions. 

(5)  Reduction  in  volatile  emissions.  Elimination  of  volatile  organic  compounds,  which 
result  from  the  cure  mechanisms  associated  with  thermally  cured  resins,  as  well  as  the 
reduced  use  of  autoclaves  for  curing,  will  diminish  the  volatile  emissions  associated 
with  composite  manufacture. 

(6)  Reduction  in  tooling  costs.  E-beam  curing  is  a  room-temperature  curing  process. 
Therefore,  the  need  for  expensive  metal  tooling  can  be  replaced  by  low-cost  wooden  or 
plastic/foam  molds. 

Studies  performed  by  Janke  et  al.  under  DOE  funding  resulted  in  improvements  in  resin  quality 
for  e-beam  applications  [15].  However,  the  implementation  of  the  materials  produced  under  this 
DOE  funding  resulted  in  composites  far  too  brittle  for  most  composite  applications.  Attempts  at 
toughening  these  resins  resulted  in  detrimental  effects  on  the  critical  resin  properties  including 
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modulus  and  glass  transition.  Further,  the  adhesives  formulated  under  this  program  lacked 
toughness  and  bond  strength,  which  has  hindered  use  of  e-beam  curing  by  manufacturing 
companies. 

There  are  two  common  cure  chemistries  for  inducing  cure  by  irradiation:  (1)  vinyl-based 
systems,  which  cure  via  a  free  radical  chain  addition  mechanism,  and  (2)  epoxy-based  systems, 
which  cure  through  step  growth  chain  polymerization.  Examples  of  free  radical  curing  resins  are 
unsaturated  polyester,  urethane  acrylates,  epoxy  acrylates,  and  methacrylates,  which  have  double 
bonds  capable  of  sustaining  free  radical  chain  polymerization  initiated  by  radiation.  These 
systems  are  by  far  the  most  widely  used  radiation  curable  materials.  Their  use  is  commonplace 
in  furniture,  medical,  and  electronics  industries.  Examples  of  cationic  and  free  radical  curing 
initiation  and  propagation  are  demonstrated  in  Figure  2,  where  cationic  cure  occurs  through  the 
ring-opening  of  epoxides  and  free  radical  cure  involves  polymerization  through  unsaturated 
bonds.  A  cationic  catalyst  [e.g.,  diphenyliodium  hexaflouroantimonate  ((C6H5)2r-  SbF6')]  is  used 
to  initiate  the  homopolymerization  of  the  epoxides  under  e-beam  irradiation.  Upon  irradiation, 
the  catalyst  produces  a  Bronsted  acid  (H+SbF5'/HF)  which  promotes  the  ring-opening  of  the 
epoxide  and  a  stabilized  cation.  Although  the  primary  reaction  pathway  to  forming  polymer 
involves  propagation  through  the  epoxide  ring-opening,  many  other  mechanisms  of  reaction  are 
present  during  the  curing  stage,  including  chain  propagation,  chain  transfer,  and  termination. 
The  complex  mechanisms  for  cationic  radiation  cure  of  epoxides  have  been  studied  rarely,  but 
Pascault  has  reported  on  some  mechanisms  [16].  Free  radical  initiation  occurs  through  excitation 
of  the  Jt-electrons  in  the  alkene  to  generate  radicals  and  therefore  does  not  require  a  catalyst 
under  e-beam  cure.  The  free  radical  system  can  be  cured  using  thermal  and  UV  excitation 
methods  by  selecting  an  appropriate  catalyst. 

The  development  of  e-beam  adhesives  has  been  addressed  from  three  approaches: 
(1)  cationic  epoxy  network  systems;  (2)  free  radical  vinyl  ester  and  methacrylate  systems;  and 
(3)  interpenetrating  polymer  networks  (IPNs).  Each  of  these  approaches  has  advantages.  For 
example,  cationic  e-beam-cured  epoxy  systems  have  higher  glass  transition  temperatures  (Tg) 
than  the  traditional  free  radical  systems.  Some  of  the  cationic  cure  systems  have  Tg’s  that  rival 
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Figure  2.  Examples  of  Simple  Reactions  for  Formation  of  Polymers  From  Cationic 
E-Beam  Cure  of  Epoxides  and  Free  Radical  E-Beam  Cure  of  Alkenes. 

those  of  the  best  polyimides  (i.e.,  >350  °C),  but  these  materials  lack  mechanical  integrity  [17]. 
Free  radical-cured  materials  are  prepared  using  a  monomer  that  has  a  very  long  shelf  life.  The 
raw  materials  for  free  radical  networks  are  unsaturated  hydrocarbons,  which  have  excellent 
stability  in  the  presence  of  inhibitors  and  the  absence  of  oxygen  [18],  which  may  lead  to 
improved  shelf  life. 

One  of  the  key  advantages  to  IPN  adhesives,  however,  is  the  ability  to  B-stage  and  C-stage 
the  adhesive  through  a  thermal  cure,  imparting  varying  levels  of  mechanical  integrity  before 
e-beam  curing  is  applied.  The  B-stage  (represented  in  Figure  3)  of  an  IPN  is  the  state  where  the 
thermal-cured  epoxy  is  controlled  to  prevent  a  high  degree  of  cross-linking.  B-stage  resin  can  be 
acquired  by  partial  curing  of  the  epoxy  network  or  through  end-capping  of  a  fully  cured  epoxy 
network,  thus  increasing  the  number  of  chain  ends  and  decreasing  the  molecular  weight  of  the 
epoxy  network.  In  the  other  extreme,  a  C-stage  epoxy  network  is  formed  by  driving  the  epoxide 
reaction  beyond  the  critical  conversion  for  gelation.  Two-part  paste  adhesives  are  formulated  so 
that  after  thermal  curing  the  resin  is  C-staged  (i.e.,  cured  beyond  the  critical  conversion);  the 
resin  will  no  longer  flow  due  to  temperature  changes.  Further,  the  C-stage  has  reached 
maximum  shrinkage  for  thermal  curing.  E-beam  is  applied  to  the  C-stage  network  to  achieve  a 
complete  IPN  cure.  A  key  property  in  the  C-stage  of  two-part  paste  adhesives  is  the  strength  of 
the  bond  formed  after  only  thermal  cure,  or  green  strength.  Because  the  IPN  is  partially  formed 
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Figure  3.  Representative  Plot  for  Cure  Conversion  (a)  vs.  Cure  Time  (t).  The  Definitions 
of  B-Stage  and  C-Stage  Are  Defined  Relative  to  the  Gelation  Time  (Also  the 
Critical  Conversion,  etc)  and  the  Time  for  Complete  Cure.  Cure  Completion 
Beyond  the  Critical  Conversion  Is  Presumed  to  Produce  a  C-Stage  Network 
Structure  in  the  Sequential  (Seq)  IPNs. 

under  thermal  cure,  materials  bonded  with  a  significant  green  strength  are  easy  to  transport  for 
remote  e-beam  curing.  In  some  instances,  such  as  developing  one-part  pastes  and  films,  B-stage 
network  formation  of  the  epoxy  may  be  preferable.  By  varying  the  functionality  of  the  epoxides 
and  amines  utilized  in  the  formulations,  a  range  of  B-stage  and  C-stage  materials  can  be 
generated  for  different  applications. 

The  IPN  approach  for  e-beam  resin  development  combines  advantageous  properties  from 
both  cationic  and  free  radical  systems.  Namely,  the  high-temperature  stability  of  cationic 
systems  and  the  monomer  stability  of  free  radical  systems  are  achieved  through  IPN  chemistry. 
The  high-temperature  stability  of  e-beam-cured  IPNs  is  achieved  through  a  two-stage  curing 
process,  which  incorporates  a  thermal  cure  (50-80  °C)  of  an  epoxy-amine  network,  followed  by 
e-beam  curing  of  a  free  radical  network  [20].  The  stability  of  free  radical  systems  is  imparted  to 
the  resins  through  monomer  blending.  Among  the  unique  advantages  of  using  an  IPN  system  are 
the  ability  to  C-stage,  or  partially  cure  the  composite  (e.g.,  thermally  cure  the  epoxy),  as  shown 
schematically  in  Figure  4.  Depending  upon  the  IPN  composition,  C-stage  composites  range 
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Figure  4.  Cure  Scheme  for  IPN  Formation.  Representative  Materials  Include  Amines  (Aj, 
A2),  Epoxides  (Ei,  E2),  Unsaturated  Hydrocarbons  (Ui,  U2,  R2,  R2),  and 
Unreactive  Fillers  (Fj,  F2). 

from  a  rigid  network  to  a  sticky  gum.  The  C-stage  composite  is  a  fully  cured  epoxy-amine  with 
epoxide  conversion  approaching  100%.  Subsequent  e-beam  curing  at  a  defined  radiation  dose 
results  in  high  conversion  of  the  unsaturated  sites  via  free  radical  propagation  and  produces  the 
fully  cured  composite  [21].  This  multiple-stage  curing  approach  provides  a  mechanism  for 
eliminating  the  transport  of  the  fabrication  mold  to  the  e-beam  facility.  A  significant  advantage 
for  DPNs  over  cationic  chemistry  systems  is  the  lack  of  complications  from  impurities,  especially 
nitrogen  and  nitrogen-containing  species,  which  are  notorious  for  polluting  the  cationic  e-beam 
catalyst  [22].  Compared  to  traditional  free  radical  cured  e-beam  materials,  the  IPNs  provide  the 
additional  advantage  of  reduced  shrinkage  on  cure.  Typical  free  radical  cured  systems  shrink  an 
average  of  4—20%  on  curing  due  to  the  conversion  of  van  der  Waals  intramolecular  interactions 
into  covalent  bonds  [18].  In  IPN  structures,  the  degree  of  shrinkage  ranges  from  2  to  8%,  half  of 
which  occurs  during  the  thermal  curing  of  the  epoxy  network  [23]. 


10 


Although  the  residual  stress  buildup  during  the  formation  of  the  IPN  network  has  not  been 
characterized  in  this  effort,  a  few  comments  can  be  made  regarding  the  expected  impact  of  cure 
shrinkage  on  mechanical  properties.  During  the  C-stage  formation,  the  resin  shrinks  due  to  the 
formation  of  covalent  bonds.  The  degree  of  shrinkage  varies  during  the  thermal  cure  with  the 
representative  concentration  of  epoxides  and  amines  in  the  adhesive;  however,  once  the  system 
reaches  full  cure,  the  Tg  of  the  C-stage  material  can  be  measured.  The  Tg  is  shown  to  be  ambient 
to  sub-ambient  (broad  Tg  between  18  and  32  °C).  Consequently,  residual  stresses  that  are 
generated  due  to  thermal  curing  should  relax  from  the  network  before  e-beam  curing  occurs. 
Following  e-beam  curing,  the  epoxy  network  acts  as  a  rigid  template  to  minimize  further 
shrinking  of  the  system.  The  residual  stresses  that  develop  during  e-beam  curing  have  not  been 
measured.  However,  some  experimental  evaluations  have  shown  that  post-e-beam  heating  of  the 
samples  can  improve  reproducibility  of  lap-shear  measurements,  which  may  result  from 
relaxation  of  stresses  developed  during  the  e-beam  step. 

The  results  from  “toughened”  e-beam-curable  adhesive  formulations  are  compared  to 
thermally  cured  epoxy  adhesives.  We  evaluate  adhesive  materials  in  three  categories:  two-part 
paste  adhesives,  one-part  paste  adhesives,  and  film  adhesives.  The  greatest  success  has  resulted 
from  our  development  of  a  two-part  paste  adhesive  for  e-beam  cure,  and  therefore  the  data 
presented  in  this  report  are  for  two-part  paste  adhesives. 

The  benchmarks  for  successful  development  of  an  e-beam  curable  adhesive  are  commercially 
available  thermal-cured  epoxy  pastes,  cationic  e-beam  adhesives  developed  under  the  1992  DOE 
program,  and  commercial  free  radical  e-beam  adhesives.  The  best  aluminum  (Al)-aluminum 
shear  results  available  are  listed  for  some  commercial  materials  in  Table  3.  The  best  commercial 
systems  demonstrate  lap  shear  strength  (LSS)  >6000  psi  on  treated  aluminum  substrates. 

Another  method  of  screening  adhesive  performance  is  to  evaluate  the  adhesive  resin  for 
fracture  toughness  (Gic).  A  resin  demonstrating  both  a  high  fracture  toughness  (>3  kJ/m2)  and  a 
high  Al-Al  LSS  (>4000  psi)  is  a  candidate  for  most  high-performance  applications.  Table  4  lists 
a  number  of  classes  of  resin  systems,  which  are  available  in  research  or  commercial  markets, 
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Table  3.  Benchmark  Thermal  Standards  for  E-Beam  Adhesive  Development  With  Baseline 
Values  Provided  for  Common  Repair  Paste  Adhesives 


Trade  Name 

Manufacturer 

Al-Al  LSS 
(psi) 

Tg 

(°C) 

References 

NG1  (Cationic) 

Northrup  Grumman 

— 

350 

— 

EA9628  (Film) 

5700 

180 

— 

EB17D 

ORNLb 

2600 

— 

AP-299 

SRL,C  Inc. 

3700a 

100 

Goodman  and  Byrne  [24] 

AP-408 

SRL,  Inc. 

3200a 

100 

Goodman  and  Byrne  [24] 

EA9394 

Dexter  Hysol 

3600 

78 

— 

FM73M  (Film) 

CYTEC  Engineered 
Materials,  Inc. 

6300 

95 

CYTEC  Engineered 
Materials,  Inc.  [25] 

H4800  (Methacrylate) 

Dexter  Hysol 

4500 

— 

a  Results  from  composites  affordability  initiative  (CAI)  program,  January  1999. 
b  Oak  Ridge  National  Laboratory. 
c  Scientific  Research  Laboratory. 
d  Not  reported. 


Table  4.  Range  Variability  in  Fracture  Energy  for  Selected  Resin  Systems 


Material  Type 

Gic 

(kJ/m2) 

LSS 

(psi) 

Cationic  E-Beam 

0.2-0.45 

250-1500 

Thermal  Epoxy  (Paste) 

3.0-5. 9 

3500-4200 

IPN  E-Beam 

1. 1-2.4 

3000-6000 

Toughened  Films 

2.5-3.5 

4500-6500 

along  with  the  fracture  toughness  and  LSS  ranges  for  these  generic  classes.  The  best  performing 
adhesives  are  toughened  epoxy  films  such  as  CYTEC  Engineered  Materials,  Inc.’s  FM73 
adhesive.  However,  these  materials  often  are  less  user  friendly  (i.e.,  possess  short  out-time  or 
shelf  life)  and  invite  a  high  cost  to  most  applications. 


3.  Fracture  Toughness  Mechanisms 


Among  the  merits  of  elastomer-epoxy  and  thermoplastic-epoxy  multiphase  dispersions  is  the 
large  gain  in  toughness  accomplished  with  minimal  loss  in  the  tensile  strength,  modulus,  and 
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thermal  mechanical  properties  over  neat  epoxy.  Common  to  all  toughened  thermoset  networks 
that  exhibit  high  modulus  and  strength  is  a  highly  cross-linked  base  matrix  resin  filled  with  a 
noncompatible  thermoplastic  or  rubber.  The  incompatibility  of  the  second  phase  blended  with 
the  monomer  resin  simplifies  processing  issues.  Upon  curing  the  thermoset,  the  toughening 
agent  becomes  incompatible  and  separates  into  dispersed  particles.  The  most  evaluated 
thermoplastic  materials  for  toughening  of  brittle  epoxy  networks  are  poly(ether  sulfone)  and 
polysulfone  [26].  These  polymers  have  aromatic  structures  that  make  them  highly  soluble  in  the 
bis-phenol-based  epoxy  monomers.  The  most  commonly  used  materials  for  toughening  in 
low-temperature  thermosets  are  synthetic  rubber  co-polymers  called  carboxyl  terminated 
butadiene  nitriles  (CTBNs)  which  are  chemically  designed  to  phase-separate  during  epoxy 
network  formation  [27]. 

Preparation  of  toughened  thermosets  using  CTBNs,  thermoplastics,  and  dendrimers  is 
accomplished  through  either  a  thermodynamic/kinetic  or  a  mechanical  approach.  The 
thermo/kinetic  approach  involves  using  a  dissolved  rubber  in  the  resin  and  relying  on  phase 
separation  to  produce  randomly  distributed  particles  or  co-continuous  toroidal  morphology.  The 
mechanical  approach  involves  prefabrication  of  particles  and  blending  and  dispersing  the 
particles  into  the  resin  at  selected  volume  fractions.  Either  method  may  be  preferred  under 
specific  preparative  constraints.  One  should  be  aware  that  improving  toughness  is  often 
accompanied  by  a  reduction  in  other  target  material  properties.  An  optimum  balance  between 
matrix  toughness  and  other  key  properties  such  as  glass  transition  temperature  must  be 
accomplished  through  empirical  studies  or  through  molecular  modeling  [28].  Although  the  ideal 
approach  is  to  apply  a  molecular-level  model,  an  empirical  approach  is  necessary  to  verify  the 
model  results  and  determine  a  set  of  parameters  to  explore  more  closely  with  a  model. 

Understanding  the  key  mechanisms  of  toughening  thermoset  resins  is  important  to  the  design 
approach  taken  in  toughening.  Reported  mechanisms  of  toughening  generally  address  two 
issues:  (1)  the  mechanics  of  the  failure,  associated  with  microstructure  changes  in  the  system, 
and  (2)  the  energetics  of  failure,  which  propose  that  the  macrostructure  and  interfacial 
interactions  are  key  to  energy  dissipation  during  loading.  Some  research  groups  hold  that 
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toughening  is  achieved  through  the  modification  of  the  microstructural  features  in  the  resin 
material,  while  others  believe  that  the  interfacial  interaction  between  the  matrix  and  the 
toughening  agent  is  the  key.  Unfortunately,  these  two  concepts  are  not  easily  separated  using 
experimental  methods.  However,  the  general  knowledge  of  the  failure  modes  in  thermoset 
materials  is  extensive.  A  brief  list  of  failure  mechanisms  is  presented  in  Table  5,  along  with  a 
description  of  the  mode  and  a  list  of  key  parameters  to  inducing/observing  this  form  of  failure. 
Understanding  these  mechanisms  and  their  relation  to  the  structure  of  the  polymer  is  essential  to 
properly  designing  toughened  systems. 


Table  5.  Mechanisms  of  Failure  in  Thermoset  Materials 


Mechanism 

Definition 

Key  Parameters 

Author 

Citations 

Crack  Pinning 

Crack  front  changes  in  length 
as  it  interacts  with 
heterogeneous  particles. 

-Particle  diameter  (dp). 
-Particle  separation  (ds). 

Lange  [30] 
Evans  [31] 

Rose  [32] 

Particle 

Bridging 

Particle  acts  as  a  bridge  across 
the  wake  of  the  forming  crack, 
applying  a  compressive 
traction.  The  ductile  particles 
plastically  deform. 

-Favors  large  particles 
(dp). 

Sigl  et  al. 

[33] 

Crack-Path 

Deflection 

Decrease  the  mode-I  fracture 
and  increase  the  mode-II 
(shearing)  character  of  the 
material. 

-Particle  size  is  an 
independent  variable. 
-Particle  separation  and 
distribution  are  key  (ds). 

Faber  and 

Evans  [34] 

Shear  Banding 
or  Shear 
Yielding 

Massive  shear  banding  occurs 
at  the  stress  tip  (specifically 
for  rubber  toughened 
materials). 

-Uniformly  spaced 
particles  (ds). 

-Favors  small  particles 
(dp). 

-Particles  are  initiation 
sites  for  matrix  yielding. 

Argon  [35] 

Kim  and 

Brown  [36] 
Pearson  [37] 

Wu  [38] 

Microcracking 

Cracks  form  and  propagate 
normal  to  or  at  an  angle  from 
the  stress  direction  (similar  to 
crack  pinning). 

-Favors  small  particles 
(dp). 

Evans  and 

Faber  [39] 

Oritz  [40] 

Cavitation 

Ahead  of  the  crack,  dilation 
causes  failure  and  void 
formation  in  the  rubber/matrix 
interface. 

-Interfacial  bonding. 

-Rubber  volume  fraction 
(vf). 

Kinloch  [41] 

Yee  and 

Pearson  [42] 
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According  to  Huang  et  al.,  matrix  shear  yielding  is  the  predominant  toughening  mechanism 
accounting  for  54-60%  of  the  toughening  at  room  temperature  [29].  Shear  yielding,  shown 
schematically  in  Figure  5,  is  most  effective  in  a  ductile  matrix,  which  can  support  high  strains 
without  brittle  failure.  The  matrix  ductility  can  be  increased  by  incorporating  chain-extending 
monomers — monomers  with  the  same  functionality  of  the  base  resin  with  larger  distance 
between  chain  ends.  The  other  key  mechanisms  enhancing  fracture  toughness  occur  because  of 
the  presence  of  low-modulus  particle  domains  and  include  cavitation  and  particle  yielding  as 
38%  and  8%,  respectively.  Huang’s  results  as  a  function  of  temperature  are  shown  in  Table  6. 
The  table  demonstrates  the  influence  temperature  has  on  the  toughness  mechanism  that  is 
activated.  At  low  temperatures,  near  the  Tg  of  the  rubber,  matrix  shear  yielding  and  mbber 
bridging  account  for  all  of  the  observed  toughness.  The  loss  of  low-temperature  toughness 
contributions  from  cavitation  results  from  the  increased  rubber  modulus  at  low  temperatures, 
which  favors  interfacial  debonding  prior  to  particle  tearing. 


Figure  5.  Shear  Band  Formation  in  a  Toughened  Thermoset.  Shear  Bands  Form  Ahead  of 
the  Crack  Tip  Due  to  Stress  Concentration  at  the  Particles  in  the  Matrix. 

The  mechanism  of  failure  in  a  matrix  under  various  loading  conditions  is  a  key  function  in 
the  selection  of  a  toughening  agent  for  a  given  application.  However,  other  physical  properties 
can  be  fundamental  in  the  selection  of  a  toughening  agent.  For  instance,  in  cationic 
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Table  6.  Approximate  Contribution  to  Fracture  Energy  Based  on  Mechanism  [28] 


Mechanism 

-60  °C 

0°C 

23  °C 

40  °C 

Rubber  Bridging 

36% 

14% 

8% 

5% 

Rubber  Cavitation 

0% 

29% 

38% 

48% 

Matrix  Shear  Yielding 

64% 

60% 

54% 

47% 

e-beam-cured  resins,  the  catalyst-initiator  is  poisoned  easily  by  the  presence  of  amines.  The 
amine  functionality  of  typical  CTBN  rubbers  prevents  their  use  in  toughening  cationic  resins 
[15].  Furthermore,  second-phase  tougheners  require  phase  separation  for  maximum  efficiency. 
The  rapid  cure  of  cationic  resins  under  e-beam  hinders  the  phase  separation  kinetics;  thus  phase 
separation  is  not  readily  observed. 

The  role  of  the  rubber/matrix  interface  on  the  fracture  toughness  of  modified  plastics  has 
been  a  controversial  issue.  The  rubber/matrix  interface  can  be  varied  in  terms  of  interfacial 
bonding  force,  thickness,  flexibility,  and  composition.  However,  it  is  difficult  to  assess  exactly 
how  changes  in  the  interfacial  region  affect  the  toughness  or  the  toughening  mechanisms.  The 
main  toughening  mechanisms  operating  in  rubber-toughened  epoxy  are  internal  cavitation  of  the 
rubber  particles  and  shear  yielding  in  the  matrix,  which  are  believed  to  be  promoted  by 
interfacial  adhesion  [43].  It  is  evident  that  for  cavitation  to  occur,  the  interfacial  adhesion 
between  the  rubber  particles  and  the  matrix  will  have  some  impact  on  the  toughness.  Once 
adhesion  is  achieved  above  a  level  that  prevents  particle  debonding  and  pull-out,  further 
increases  in  the  interfacial  adhesion  may  induce  alternate  mechanisms  of  failure,  thus  decreasing 
the  toughness. 

4.  Materials 

The  materials  selected  for  the  first  phase  of  this  adhesive  development  scheme  are  seq-IPN 
resins.  The  seq-IPNs  are  designed  to  be  cured  to  ultimate  strength  in  two  stages — a  thermal  or 
room-temperature  cure  to  green  strength  followed  by  an  e-beam  cure.  Palmese  et  al.  developed 
low-viscosity  epoxy/acrylate  and  epoxy/methacrylate  EPN  blends  for  vacuum-assisted  resin 
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transfer  molding  (VARTM)  [44] — a  technique  that  requires  low  viscosity  (<500  cP)  resins  for 
composite  processing.  These  seq-IPN  resins  exhibit  low  viscosity  (200-800  cP),  which 
optimizes  their  use  in  fiberglass  composites  by  VARTM.  Adhesives,  however,  are 
high-viscosity  materials,  and  therefore  the  adhesive  formulations  described  in  this  report  are 
modified  seq-IPN  resins.  The  viscosity  requirements  for  VARTM  processing  conditions  are 
much  different  for  adhesives;  thus  the  material  properties  of  the  adhesives  are  unique  to  this  class 
of  material.  A  list  of  the  common  ingredients  in  both  the  adhesives  and  the  resins  is  shown  in 
Table  7;  the  purpose  of  key  materials  is  briefly  reviewed. 

4.1  Epoxy-Amine  Network  -  Thermal-Cured  Compounds.  The  epoxides  selected  are 
Shell  Chemical  Company  variations  of  the  diglycidyl  ether  of  bis-phenol  A  epoxide  (DGEBA). 
The  cure-kinetic,  thermal,  and  mechanical  properties  of  the  diepoxide  (EPON  828)  reacted  with 
the  primary  diamine  bis(p-aminocyclohexyl)  methane  (PACM,  Air  Products)  have  been 
quantitatively  characterized  in  a  neat  epoxy-amine  network  (represented  in  Figure  6)  [45]. 
Variations  of  the  network  diepoxide  structure  have  been  evaluated  to  demonstrate  the  importance 
of  chain  architecture  on  toughness  and  glass  transition  temperature.  Consequently,  various 
molecular-weight  DGEBA  monomers  (e.g.,  EPON  1001F,  EPON  834)  have  been  incorporated 
into  the  network  synthesis  to  improve  performance. 

4.2  Methacrylate  Network  -  E-Beam  Compounds.  As  previously  discussed,  unsaturated 
alkenes  are  free  radical  cured  on  irradiation  with  e-beam.  Thus,  dimethacrylate  materials  are 
incorporated  as  the  second  stage  of  cure  processing  through  e-beam  for  seq-IPNs.  In  order  to 
prevent  demixing  of  the  monomers  during  storage  and  thermal  curing  of  the  epoxy-amine,  resins 
with  similar  core  structures  (DGEBA  and  bis-GMA)  are  used;  this  selection  is  necessary  to 
provide  morphological  control  during  network  formation  resulting  in  a  homogeneous 
EPN.  Methacrylated-DGEBA  (bis-GMA),  obtained  from  the  reaction  of  bis-phenol  A  and 
glycidyl  methacrylate,  is  a  low-toxicity  resin  that  is  commonly  used  in  dental  adhesives  [46]. 
1 ,6-Hexamethylene  dimethacrylate  (HDDMA),  on  the  other  hand,  is  a  difunctional  alkene,  which 
serves  as  a  diluent  and  provides  flexibility  to  the  free  radical  network,  hi  VARTM  resins,  the 
HDDMA  is  necessary  to  produce  the  low  viscosity  required  for  processing;  in  adhesive 


17 


Table  7.  Examples  of  Monomer  Components  in  E-Beam-Curable  IPN 


Chemical  Name 

Supplier 

Principle 

Functionality 

Purpose 

HDDMA 

Sartomer 

Dimethacrylate 

Diluent.  Decrease 
viscosity  during  epoxy 
cure. 

Bis-GMA 

Sartomer 

Dimethacrylate 

Compatibalize 
methacrylate  and  epoxy 
networks. 

PACM/PACM-20 

Air  Products 

Difunctional 
primary  amine 

Aliphatic  epoxy  curing 
agent.  Stiff-chain 
cross-linking  of  epoxy 
network. 

EPON  828 

Shell  Chemicals 

Diepoxide 

Primary  epoxy  network 
resin. 

EBECRYL  3605 

UCB  Radcure 

Mixed  epoxide  and 
acrylate 

Coupling  between  epoxy 
and  acrylate  networks. 

EPON  SU-8 

Shell  Chemicals 

Multi-(Octa)- 
functional  epoxide 

Increase  Tg  of  epoxy 
network  (Novalac). 

PGE 

Shell  Chemicals 

Monofimctional 

epoxide 

Terminating  agent  for 
epoxy  network. 

EPON  834 

Shell  Chemicals 

Chain-extended 

diepoxide 

Increase  network 
flexibility/toughness. 

EPON  1001F 

Shell  Chemicals 

Chain-extended 

diepoxide 

Increase  network 
flexibility/toughness. 

n-butyl  methacrylate 

Lancaster  Synthesis 

Monomethacrylate 

Low  volume-shrinking 
methacrylate. 

ARL1 

U.S.  Army/University 
of  Delaware 

Mixed  epoxide  and 
methacrylate 

Coupling  between  epoxy 
and  methacrylate 
network. 

ARL2 

U.S.  Army/University 
of  Delaware 

Mixed  epoxide  and 
methacrylate 

Coupling  between  epoxy 
and  methacrylate 
network. 

ARL3 

U.S.  Army/University 
of  Delaware 

High  functional 
mixed  epoxide  and 
methacrylate 

Coupling  between  epoxy 
and  methacrylate 
network. 

formulations,  HDDMA  increases  the  tackiness  of  the  uncured  resin  and  provides  a  reduction  in 
the  Tg  of  the  C-stage  composite.  The  reduction  in  Tg  allows  high  epoxide  conversion  (>95%)  to 
be  accomplished  at  low  (<50  °C)  temperatures.  Further,  resin  tackiness  is  critical  to  the  wetting 
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(a)  DGEBA  Monomer 


Figure  6.  Chemical  Structures  for  Epoxide  Network  Materials:  (a)  DGEBA  Diepoxide 
Monomer  (EPON  828)  and  (b)  PACM  Diamine.  The  Average  Distance  Between 
Epoxides  in  the  Diepoxide  Is  Determined  by  the  Average  Number  of  Repeat 
Units  (n)  in  the  Monomer.  Variation  of  ‘n’  Changes  the  Cross-Linking  Density 
of  the  Network.  EPON  828  Is  n  =  0.3  as  Determined  by  HPLC.  The  Epoxide 
Equivalent  Weight  (EEW)  of  the  EPON  828  Is  177;  the  Amine  Equivalent 
Weight  (AEW)  of  PACM  Is  52. 

of  an  adhesive.  Improved  surface  wetting  can  be  instrumental  to  improving  bond  performance 
on  smooth  surfaces. 

4.3  Coupling  Agents  and  Fillers.  Coupling  agents  are  used  in  seq-IPN  formation  in  two 
key  areas.  First,  because  we  are  developing  adhesive  materials,  the  use  of  silane  coupling  agents 
improves  adhesion  to  the  oxide  in  metal  (e.g.,  Al)  lap  shear  evaluations.  Most  commercial 
adhesives  utilize  silane  adhesion  promoters  because  the  thermal  performance  of  the  resin  is 
maintained  but  bond  strengths  on  metals  are  significantly  improved  [47].  Further,  silane 
additives  improve  resin  stability  when  inorganic  fillers  are  incorporated.  Network  couplers  are 
the  second  class  of  coupling  agents  incorporated  in  our  formulations.  Network  coupling  agents 
connect  the  methacrylate  and  epoxy  networks  through  chemical  bonds.  Although  acrylate 
couplers  are  commercially  available,  methacrylates  with  the  desired  structure  are  not 
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commercially  produced.  Consequently,  partially  methacrylated  epoxide  monomers  were 
synthesized  from  various  commercial  diepoxides;  the  synthesis  of  example  monomers  as  well  as 
characterization  is  given  in  the  Appendix.  These  materials  have  dual-functionality,  epoxide  and 
methacrylate,  which  allows  them  to  chemically  bond  the  two  network  materials  together.  The 
derived  monomers  are  designated  as  ARL1(50)  and  like  designations,  where  ARL1  designates 
the  monomer  repeat  unit  and  (50)  indicates  the  extent  of  conversion.  We  vary  the  conversion  to 
have  explicit  control  over  the  degree  of  network-network  coupling.  The  synthetic  method  for 
generating  methacrylates  from  epoxides  was  patented  by  Doyle  et  al.  in  1967  [48].  A  further 
discussion  of  materials  used  in  this  development  is  also  presented  in  the  Appendix.  Chemical 
linking  of  the  networks  through  the  synthetic  coupling  materials  (ARL1,  ARL2,  and  ARL3) 
improves  the  thermal  stability  of  the  IPNs.  Further,  the  epoxy-methacrylates  serve  to  minimize 
load  disproportionation  into  the  networks  and  prevent  phase  demixing  of  the  methacrylate/epoxy 
networks  on  a  local  level. 

Other  key  components  of  the  adhesive  formulation  include  fill  materials,  which  provide 
moisture  resistance,  improve  high-temperature  performance,  and  reduce  costs.  The  fillers  used 
in  our  formulations  are  silicate  thixotropes,  metal  oxides,  and  pigments  that  improve  handling  of 
the  paste  adhesives.  Commercial  adhesives  typically  possess  30-70  weight-percent  inorganic 
solids.  In  the  development  stage,  we  did  not  evaluate  the  impact  of  filler  variations  on 
performance;  rather,  we  selected  a  minimum  inorganic  fill  package  to  give  efficient  handling  of 
the  adhesive  pastes. 

4.4  Rubber  Toughening.  The  seq-IPN  resins  discussed  in  the  previous  section  are  not 
effective  adhesives  because  they  lack  critical  toughness  properties,  causing  poor  performance 
under  high  stress  and  high  load.  Toughening  of  seq-IPNs  is  accomplished  by  using  reactive 
rubbers  (CTBNs)  and  reactive  dendrimers  (El  and  E2);  the  materials  used  in  toughening  studies 
are  listed  in  Table  8.  Upon  curing  the  epoxy-amine  network,  the  rubber  or  dendrimer  becomes 
insoluble  in  the  mixture  and  phase  separates  into  discrete  rubber  domains.  Although  cure 
conditions  can  impact  the  formation  of  these  rubber  domains,  we  believe  that  the  high 
concentration  of  diluent  (>30%  unreacted  monomer)  provides  sufficient  solvation  of  the  C-stage 
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Table  8.  Rubber  Compounds  Used  to  Toughen  Epoxy/Methacrylate  Seq-IPNs 


ID 

Content 

Diluent 

EEW(AEW) 

Supplier 

EPON  58003 

18%  ACN 

690 

EBHHHI 

EPON  58005 

26%  ACN 

Bis-phenol  A 

700 

Shell 

EPON  58006 

18%  ACN 

Bis-phenol  A 

700 

Shell 

EPON  58034 

18%  ACN 

Neo-pentyl-glycol 

(NPG) 

275-305 

Shell 

EPON  58042 

18%  ACN 

Cyclohexane- 

dimethanol 

(CDM) 

340 

Shell 

Hycar  1300  x  8  (CTBN) 

18%  ACN 

Carboxyl 

terminated 

Mw=  3550 

B.  F.  Goodrich 

Hycar  1300  x  16 
(ATBN) 

18%  ACN 

5%  n-aminoethyl 

piperazine 

(N-AEP) 

-900 

B.  F.  Goodrich 

Hycar  1300  x  45 
(ATBN) 

18%  ACN 

<1%  N-AEP 

-1900 

B.  F.  Goodrich 

Hycar  1300  x  40 
(ETBN) 

18%  ACN 

Styrene 

Not  available 

B.  F.  Goodrich 

Hycar  1300  x  44 
(ETBN) 

18%  ACN 

None 

Mw  =  3900 

B.  F.  Goodrich 

Boltom  El 

Mw  =  10  k 

None 

830  (11/mol) 

Boltom  E2 

Mw  =  12  k 

None 

375  (30/mol) 

Perstorp 

TPA-1 

6-pm  Core 

Powder 

Not  reported 

Applied 
Poleramic,  Inc. 

epoxy  network  to  allow  equilibrium  rubber  phases  to  form  under  ambient  cure  conditions.  The 
impact  of  cure  temperature  and  cure  rate  for  the  epoxy-amine  network  is  evaluated  later  in  this 
report.  The  CTBN  loading  that  provides  optimization  of  toughness  is  between  8  and  12  weight- 
percent  and  results  in  a  two-fold  increase  in  fracture  energy  and  LSS.  Greater  than  20%  rubber 
loading  results  in  the  formation  of  a  co-continuous  network  of  seq-IPN  epoxy  and  rubber, 
producing  a  material  with  poor  high-temperature  performance.  Dendrimer  materials  are 
designed  to  provide  optimum  toughness  of  epoxy  networks  at  6-12  weight-percent  additions;  we 
did  not  observe  any  deviations  from  this  operation  window  for  seq-IPNs. 
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Although  composition  of  adhesives  varies,  a  typical  formulation  for  a  toughened  paste  is 
shown  in  Table  9;  the  two-part  paste  composition  shown  is  mixed  using  either  an  amine  or  amine 
adduct  (Part  B)  in  stoichiometric  equivalence. 

Table  9.  Typical  Formulation  for  a  Typical  Seq-IPN  Adhesive  Paste 


Material  Component 

Composition 

(phr) 

Amine  (PACM) 

36 

Diepoxides  (DGEBA) 

100 

ARL1  (MEMM) 

56.7 

CTBN 

35.5 

Bis-GMA 

106 

HDDMA 

36.7 

Cabosil  (thixotrope) 

3.7 

5.  Seq-IPN  Resins 


The  processing  method  for  epoxy-amine  reactions  can  dramatically  impact  the  cured  resin 
properties.  For  example,  the  glass  transition  temperature  of  the  final  composite  shows  a  strong 
dependence  on  the  stoichiometry  and  extent  of  cure  of  the  epoxy-amine  network  [45].  We 
selected  experimental  cure  parameters  that  optimize  the  cure  of  the  epoxy-amine  network.  Phase 
separation  of  CTBN  rubber  occurs  completely  for  the  toughened  systems,  which  we  evaluated. 

The  rate  and  extent  of  thermal  cure  of  the  epoxy-amine  network  has  a  strong  dependence  in 
viscosity,  which  is  dependent  upon  the  initial  monomer  ratios.  For  example,  a  toughened 
adhesive  formulation  containing  20%  (w/w)  rubber  is  10%  more  viscous  than  the  untoughened 
equivalent  system.  However,  both  formulations  reach  full  network  conversion  at  C-stage  in  the 
presence  of  diluents  [49].  We  follow  the  cure  conversion  using  transmission  Fourier  transform 
infrared  (FTIR)  on  representative  adhesive  samples.  A  similar  cure  study  was  performed  by 
Dalai  and  Palmese  for  VARTM  resins  [50].  However,  the  kinetics  for  adhesive  cure  are 
dramatically  slower  as  a  result  of  much  lower  diluent  concentrations  (higher  viscosity).  From 
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the  FTIR  cure  analysis,  a  thermal  processing  window  is  determined.  Future  efforts  will 
investigate  step-cure  process  cycles  for  optimizing  cure  rate.  For  this  study,  we  merely 
established  the  time  required  to  completely  react  the  epoxide  and  amine.  The  complete  cure  is 
necessary  to  ensure  reproducibility  of  the  thermal  and  mechanical  properties  of  the  samples. 

Side  reactions  between  the  components  in  these  IPNs  may  be  a  concern.  Dalai  and  Palmese 
evaluated  the  reactivity  rates  of  acrylates  and  methacrylates  with  a  primary  amine  (PACM)  and 
observed  that  both  acrylates  and  methacrylates  compete  with  the  epoxide  for  reaction  with  the 
amine  moiety  [50].  An  acrylate  combines  with  an  amine  through  a  Michael's  addition  across  the 
C  =  C  bond,  while  an  epoxide  reacts  with  an  amine  in  the  traditional  ring-opening  nucleophilic 
substitution.  The  occurrence  of  an  amine-acrylate  reaction  complicates  control  of  the  network 
structure  and  decreases  epoxide-amine  conversion.  However,  the  Michael's  addition  product  of 
the  PACM  primary  hydrogen  (1H)  with  bis-GMA  methacrylate  at  70  °C  occurs  an  order  of 
magnitude  more  slowly  than  the  DGEBA-PACM(IH)  reaction  Consequently,  methacrylated 
monomers  improve  control  of  the  network  structure.  Methacrylated  monomers  also  have  a 
reduced  cure  shrinkage  compared  to  acrylates  and  are  therefore  ideal  for  adhesive  development. 

5.1  Kinetics  and  Extent  of  Cure.  FTIR  spectroscopy  was  used  to  monitor  changes  in  the 
fingerprint  spectrum  of  the  monomer  blends  (1,700-600  cm’1).  The  intensity  of  infrared  (IR) 
active  modes  for  epoxides,  amines,  and  methacrylates  was  monitored  at  room  temperature, 
50  °C,  65  °C,  and  80  °C,  to  determine  time  to  cure.  Among  the  IR  vibrational  modes  that  occur 
in  the  fingerprint  are  the  epoxide  ring  stretch  (912-920  cm’1),  the  C  =  C  symmetric  (1637  cm  !) 
and  -CH  out-of-plane  (945  cm"1)  stretches  of  the  methacrylate,  and  the  para  di-substituted 
benzene  breathing  mode  (1,510  cm"1)  [51].  In  our  analysis,  we  used  integrated  peak  intensity  for 
quantitative  analysis,  since  these  measurements  were  not  suspect  to  baseline  drifts  associated 
with  the  continuing  reactions.  The  epoxide  and  methacrylate  modes  were  used  to  determine 
degree  of  reaction  and  to  observe  any  side  reactions.  The  di-substituted  benzene  ring-breathing 
mode  is  unaffected  by  the  chemical  reactions  and  was  used  as  the  internal  standard  for 
normalizing  spectra  to  a  constant  molecular  concentration,  which  allows  the  cure  to  be  evaluated 
linearly  with  time  as  per  the  Beer-Lambert  Law. 
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Having  selected  the  molecular  modes  for  evaluation  of  chemical  cure,  we  established  the 
dependence  of  network  cure  rate  on  temperature  of  cure  for  a  toughened  and  an  untoughened 
system  with  low  methacrylate  concentration  ((f^a  =  0.25).  The  result  of  one  study  is  shown  in 
Figure  7.  Figure  7  plots  the  extent  of  conversion  of  epoxides  (2),  measured  using  the  epoxide 
ring  stretch  (vmax  =  916  cm’1),  as  a  function  of  cure  time  at  50  °C  for  both  rubber-toughened  and 
untoughened  seq-EPNs.  The  effect  of  toughening  on  epoxy  network  cure  rate  is  measured  as  lag 
time  (trtu)  and  increases  with  the  extent  of  cure  (shown  in  Table  10).  The  results  are  as 
expected — the  rubber  phase  separates  on  thermal  curing,  increasing  the  viscosity  and  decreasing 
the  diffusion  rate  for  the  reacted  amine.  The  average  cure  time  is  50%  longer  at  %  =  0.5  as  a 
result  of  the  CTBN.  Whether  the  decrease  in  thermal  cure  rate  on  toughening  results  from  the 
phase  segregation  of  the  rubber,  which  immobilizes  partially  reacted  amines,  or  from  the 
increased  viscosity  of  the  system  has  not  been  determined.  The  lag  time  for  cure  is  maximum  for 
high-epoxy  (>70%  epoxide-amine)  systems.  When  the  concentration  of  diluent  methacrylates  is 
high  (>40%),  the  cure  variation  between  toughened  and  untoughened  systems  is  negligible. 

The  cure  conversion  of  epoxy-amine,  as  shown  in  Figure  7,  demonstrates  three  key  features 
associated  with  the  epoxide  and  amine  reaction.  At  very  short  times  (<90  min),  the  conversion 
rate  proceeds  rapidly  to  approximately  45%  in  both  the  toughened  and  untoughened  systems. 
This  rapid-cure  stage  occurs  because  the  primary  amine  (R-NH2)  is  very  reactive  and  the 
mobility  of  PACM  is  high.  Once  the  primary  amine,  PACM(IH),  has  reacted,  the  cure  rate 
slows  dramatically  as  a  result  of  a  decrease  in  PACM  mobility — steric  hindrance  from  an 
increase  in  network  (and  amine)  molecular  weight — and  a  decrease  in  amine  reactivity  for  the 
secondary  amine  (R2-NH).  After  about  103  min,  the  signal  for  the  epoxide  mode  has  diminished 
sufficiently  to  make  quantitative  measurement  difficult;  the  measurement  error  makes 
determination  of  a  crossover  in  the  two  samples  impossible  using  this  technique. 

The  impact  of  cure  temperature  on  the  rate,  extent,  and  homogeneity  of  the  epoxide-amine 
reaction  was  evaluated  for  a  toughened  adhesive  formulation.  The  sample  adhesive  formulation 
from  Table  9  is  evaluated  as  a  function  of  cure  temperature  from  room  temperature  to  80  °C. 
The  results  are  presented  in  Figure  8.  The  conversion  as  a  function  of  time  at  50  °C  is  much 
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Figure  7.  Cure  Kinetics  for  Two  Seq-IPNs  (())ma=0.25)  Showing  the  Extent  of  Cure  of  the 
Epoxide-Amine  Reaction  With  Time  for  Samples  Cured  at  50  °C.  The  High 
Viscosity  of  the  CTBN  Toughening  Additive  Has  a  Significant  Impact  on  the 
Kinetics  of  Cure  in  These  Systems.  From  These  Results,  Long  Cure  Times 
(>1000  min)  Are  Necessary  to  Achieve  Complete  Network  Conversion. 


Table  10.  Cure  Lag  Time  Between  Toughened  (tt)  and  Untoughened  (tu)  Adhesives  for 
<JW  =  0.25 


Conversion  (D 

Lag  Time  (trtu) 

(min) 

|  0.8 

35 

0.65 

40 

0.45 

90 

0.2 

900 

faster  for  ADEP-01  than  for  the  example  formulation  shown  in  Figure  7.  -  This  is  a  result  of  the 
increased  methacrylate  (diluent)  concentration  ((j^  =  0.45).  The  key  stages  of  cure 
development — PACM(IH),  PACM(2H),  and  vitrified  limit — are  observable  for  all  four  cure 
cycles  shown  in  Figure  8.  As  a  function  of  cure  temperature,  the  high-temperature  cure  (80  °C) 
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Figure  8.  Extent  of  Epoxide  Conversion  as  a  Function  of  Time  at  Key  Processing 
Temperatures  for  Adhesive  Pastes.  The  Cure  Rate  Is  Significantly  Increased 
for  Processing  at  50  °C  Compared  to  Room  Temperature.  In  the 
High-Temperature  Cure  Study  (80  °C),  the  Michael's  Addition  Reaction  Does 
Not  Occur  to  an  Appreciable  Extent  for  Methacrylates  (v  =  1637  cm*1)  as 
Demonstrated  (1-P~1). 

provides  the  optimum  preparation  rate  (tcUre  <3  hr);  however,  the  Michael’s  addition  reaction 
warrants  consideration  at  this  temperature.  One  advantage  to  monitoring  extent  of  cure  by 
epoxide  conversion  is  that  amine,  which  may  react  through  Michael’s  addition,  is  not  included  in 
the  measurement.  The  methacrylate  conversion  at  80  °C  (1-p)  is  plotted  in  the  figure  as  well  and 
does  not  appear  to  diminish  in  any  correlated  fashion  with  epoxide  concentration.  Therefore,  we 
conclude  that  the  network  structure  is  >90%  epoxy-amine,  and  the  extent  of  cure  reaches  >90% 
conversion  at  long  cure  times  or  high  cure  temperatures. 

Although  high  cure  temperatures  may  not  be  reasonable  for  field  use  of  these  materials,  the 
rapid  curing  of  materials  is  desirable  for  testing  purposes.  In  order  to  balance  cure  testing  with  a 
feasible  field-use  cycle  and  to  reduce  the  probability  of  PACM(IH)  with  methacrylate  reactions, 
a  processing  condition  involving  50  °C  cure  for  2-3  hr  followed  by  a  post-bake  of  80  °C  for 
1-2  hr  or  50  °C  for  10-12  hr  was  selected.  This  processing  condition  assures  complete  reaction 
of  the  epoxides  and  minimizes  the  time  required  to  cure  the  samples.  The  impact  of  this  process 
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condition  on  phase  separation  of  the  rubber  particles  has  not  been  fully  characterized;  however, 
initial  measurements  by  Scanning  electron  microscope  (SEM)  indicate  a  homogeneous 
distribution  and  similar  particle  size(~5-8  p)  irregardless  of  processing  temperature.  We  believe 
that  the  rubber  particle  size  is  locked  in  at  the  time  of  gelation  in  the  system  or  that  particles 
reach  an  equilibrium  size  after  thermal  cure  due  to  the  low  Tg  of  the  C-stage  network 
(Tg[green]  =  20  °C  by  DSC). 

5.2  Thermomechanical  Characterizations.  The  thermochemical  and  thermomechanical 
properties  of  the  seq-IPNs  are  characterized  by  dynamic  mechanical  analysis  (DMA)  and 
differential  scanning  calorimetry  (DSC).  The  resin  DMA-Tg  is  reported  as  the  maximum  in  the 
loss  modulus  (E”).  Two  heating  rates  are  used  for  DMA  measurements.  At  low  temperatures 
(- 100  to  25  °C),  a  heating  rate  of  1  °C/min  is  used  with  a  sampling  frequency  of  0.1  Hz  allowing 
separation  of  the  rubber  Tg  from  the  bis-phenol  A  (BPA)  ^-relaxation.  Above  room 
temperature,  the  matrix  Tg  is  measured  from  25  to  200  °C  using  a  ramp  rate  of  5  °C/min  and 
1-Hz  frequency.  DSC  measurements  are  usually  performed  using  a  temperature  ramp  of 
10  °C/min;  however,  2  and  5  °C/min  are  used  for  C-stage  Tg  measurements  because  the  transition 
is  small  and  broad.  DMA  and  DSC  Tg’s  usually  agree  to  within  5  °C,  which  is  well  within  the 
expected  error  of  the  techniques. 

The  DMA  results  for  a  series  of  epoxy-amine/acrylate  seq-IPNs  that  are  toughened  using 
CTBN  and  chain  extenders  in  varying  amounts  are  plotted  in  Figure  9.  Clearly,  the  DMA-Tg  of 
the  materials  does  not  change  significantly  (99  °C<Tg<105  °C)  for  these  systems,  even  though  a 
high  loading  of  rubber  (20%)  and  chain  extenders  (20%)  are  presented.  Consequently,  we  can 
conclude  that  CTBN  is  successfully  phase  separated  from  the  seq-IPN  matrix.  A  DMA  analysis 
of  samples,  which  were  C-stage  but  not  e-beam  cured,  shows  that  the  phase  separation  occurs 
during  the  thermal  processing  of  the  adhesives.  Once  formed,  the  rubber  particles  do  not 
negatively  impact  the  thermal  performance.  Low-temperature  DMA  plots  showing  the  presence 
of  phase  separated  rubber  domains  after  e-beam  cure  are  shown  in  Figure  10.  The  ^-relaxation 
of  bis-phenol  A  was  separated  from  the  rubber  relaxation  by  using  the  0.<j>  high  energy  (HE) 
frequency. 
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Figure  9.  DMA  Plot  for  Storage  and  Loss  Modulus  of  a  Series  of  Rubber-Toughened 
Seq-IPNs  Formulated  From  Epoxy-Amine  and  Acrylate  Functionality.  The 
Maximum  in  the  Loss  Modulus  Is  Reported  as  the  DMA-Tg.  Because  the 
Rubber  Phase  Separated  From  the  Matrix  on  Curing,  the  Tg  of  the  Materials  Is 
Not  Affected  by  the  Addition  of  Rubber  and  Chain  Extenders. 


5.3  Phase  Separation  of  CTBN.  The  preferred  method  of  toughening  seq-IPN  adhesives 
has  been  to  use  thermodynamic  phase  separation  during  the  C-stage  formation  of  the  adhesive 
bond,  a  method  synonymous  with  thermoset  epoxy  network  toughening.  The  best  performance 
in  epoxy  adhesive  toughness  is  achieved  using  functionalized  CTBN  rubbers  that  co-cure  with 
the  epoxy-amine  to  form  bonded  mbber  particles.  The  results  for  seq-IPN  analysis  are  consistent 
with  the  literature  reports  for  thermoset  epoxy  materials  in  that  small  rubber  concentrations 
(<20%)  induce  discrete  rubber  particles  (0.2-5  fi),  while  large  concentrations  of  rubber  form  a 
co-continuous  morphology.  The  rubber  particles  improve  toughness  by  changing  the  energy 
absorption  of  the  matrix  and  inhibiting  premature  failure  of  the  thermoset,  which  often  results 
from  small  defects. 


Alternatively,  the  second  phase  is  added  as  rubber  or  thermoplastic  particles.  The  size, 
surface  reactivity,  and  concentration  of  the  particles  greatly  influence  the  toughness  for  the 
thermoset.  Often,  the  surface  of  the  particles  is  coated  with  an  adhesion  promoter  to  enhance  the 
interaction  between  the  thermoset  and  the  filler.  Generally,  the  addition  of  discrete  particles  for 
toughening  is  less  effective  than  the  addition  of  reactive  rubbers.  We  expect  to  explore  the 
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Figure  10.  Low-Temperature  DMA-Tg  Analysis  for  Rubber-Toughened  Seq-IPNs. 

Increasing  Rubber  Concentration  Results  in  Larger  Rubber  Domains, 
Which  Increases  the  Sensitivity  of  DMA  to  Detection.  However,  Rubber 
Domain  Tg  Transitions  (-50  °C<Tg<-38  °C)  Are  Evident,  Even  at  Low 
Rubber  Loading,  Which  Supports  the  Proposal  That  Phase  Separation 
Occurs  in  These  Matrix  Systems.  The  Bis-Phenol  A  ^-Relaxation  Is  Also 
Resolved  (-90  °C  <Tp<-70  °C). 


influence  of  dispersed  material  toughening  agents  in  developing  one-part  and  film-type 
adhesives  for  e-beam  cure  where  the  kinetics  of  curing  occur  too  quickly  to  allow  phase 
separation.  For  two-part  paste  adhesives,  however,  the  results  from  the  addition  of 
rubber-toughening  agents  has  already  given  promising  results  and  will  be  the  method  in  further 
development  work. 

The  second  method  of  toughening  thermosets  is  to  add  chain  extenders  to  the  network.  The 
average  distance  between  cross-links  is  a  key  parameter  governing  the  toughness  of  the  network. 
By  varying  the  spacing  of  cross-link  sites  in  the  network,  through  n-MER  addition  of  the  base 
resin  (oligomers),  the  average  number  of  cross-links  per  unit  volume  is  reduced  only  slightly, 
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while  the  distribution  of  cross-link  sites  is  increased.  This  provides  greater  flexibility  to  the 
network,  although  usually  at  the  expense  of  the  Tg. 

The  consequence  of  phase  separation  of  the  rubber  domains  was  carried  out  to  create  a  phase 
map  of  the  rubber  in  both  one-part  and  two-part  adhesives.  Because  the  system  being  studied  is 
quite  complex,  the  experimental  phase  diagram  was  developed  by  assuming  that  like-functional 
monomers  are  equivalent  in  the  phase  envelope.  Thus,  methacrylates,  bis-GMA  and  HDDMA, 
comprise  one  axis  of  the  phase  diagram,  while  the  epoxy-amine  matrix  comprises  a  second  axis. 
To  produce  a  ternary  phase  diagram,  the  rubber  is  plotted  along  the  remaining  axis. 

As  is  shown  in  Figure  11,  phase  separation,  as  determined  by  the  optical  cloud  point,  occurs 
over  a  wide  range  of  experimental  conditions.  However,  at  high  methacrylate  concentrations,  the 
rubber  phase  does  not  form  a  dispersive  second  phase.  From  visual  evaluation,  samples  with 
high  methacrylate  concentrations  will  not  show  significant  increases  in  toughness  but  will  show 
a  decrease  in  glass  transition  temperature.  The  fact  that  high  concentrations  of  methacrylate 
inhibit  rubber  phase  separation  was  verified  by  a  decreased  Tg  of  the  toughened  samples.  When 
phase  separation  was  not  obvious,  matrix  Tg’s  were  suppressed  by  as  much  as  20  °C,  while  in  the 
multiphase  epoxy/rubber  samples,  Tg’s  decreased  by  only  2-5  °C  (see  Figure  9). 

5,4  Microscopy.  In  rubber-toughened  epoxy-amine  networks,  the  cure  temperature  and  cure 
rate  have  a  significant  impact  on  the  formation  of  the  CTBN  phase.  The  rubber  phase  in 
epoxy-amine  networks  forms  under  a  kinetic  constraint  that  is  mitigated  by  a  physical  limit  at 
gelation  or  vitrification.  In  seq-IPNs,  however,  phase  separation  of  the  rubber  occurs  in  the 
presence  of  a  high  concentration  of  diluent.  Diluent  methacrylate  or  acrylate  monomers  impact 
the  viscosity  profile  of  the  adhesive  such  that  uniform  particle  sizes  are  formed  under  all 
observed  experimental  curing  conditions.  The  size  of  the  domains  is  dependent  only  on  the 
concentration  and  composition  of  the  CTBN.  SEM  was  performed  on  a  number  of  test 
specimens  to  determine  morphology,  including  particle  size,  and  to  estimate  failure  mechanisms 
of  the  materials.  SEM  results  for  mixed  epoxy/acrylate  systems  are  in  agreement  with  DMA 
studies  and  demonstrate  that  particle  phase  separation  forms  uniform  domains.  The 
concentration  of  rubber  was  compared  with  the  literature  values  of  particle  sizes  for 
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Figure  11.  Phase  Diagram  From  Experimental  Evaluation  of  Epoxy/Methacrylate  Blends 
Cured  to  C-Stage  at  50  °C  for  24  hr.  The  Optical  Cloud-Point  Was 
Determined  as  an  Indication  of  Phase  Separation  in  These  Results.  Particle 
Sizes  Must  Be  Large  Enough  to  Scatter  Visible  Light  in  Order  for  Phase 
Separation  to  Be  Evident  by  This  Method. 


rubber-toughened  epoxy  networks  [52-54];  our  results  are  consistent  with  literature  for  particle 
sizes.  SEM  was  performed  on  Au-Pd-coated  (5-7-nm  thickness)  fracture  specimens.  Figure  12 
shows  an  example  fracture  surface  for  a  toughened  seq-IPN  with  5%  CTBN.  The  average  hole 
size  is  about  5  p. 


5.5  Fracture  Toughness.  The  second  method  used  for  screening  adhesives  is  the  fracture 
toughness  of  the  resin  [55].  Fracture  toughness  measurements  for  a  number  of  epoxy/acrylate 
materials  were  performed  under  the  initial  development  of  adhesive  paste  resins.  We  explored 
the  same  parameters,  impact  of  chain  extender  and  rubber  concentration,  and  their  effect  on 
toughness.  Additionally,  we  included  an  evaluation  of  the  effect  of  seq-IPN  compositions  on  the 
toughness  of  the  resins  (e.g.,  the  concentration  of  epoxy-amine  to  acrylate  or  methacrylate).  The 
impact  of  network  compositions  is  more  difficult  to  assess  by  lap  shear  measurements  because  of 
the  variation  in  material  viscosity  with  resin  composition.  The  fracture  toughness,  or  Kic,  is  a 
measure  of  the  matrix  ability  to  resist  fracture.  Some  Kic  results  are  plotted  in  Figures  13 
and  14. 
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Figure  12.  SEM  Micrograph  of  a  Rubber-Toughened  (5%  CTBN)  Seq-IPN  Fractured 
Rapidly.  The  Example  Shows  Evidence  for  Failure  Modes  Involving  Matrix 
Yielding,  Cavitation,  and  Particle  Tearing. 


Figure  13.  Kic  Results  From  Experimental  Evaluation  of  Adhesive  Paste  ADEP01 
Type  Formulation  Using  EPON  58006  Rubber  and  EPON  834  Chain 
Extender. 
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Figure  14  demonstrates  the  impact  of  the  network  composition  on  the  fracture  toughness  of 
the  material.  Acrylates,  which  exhibit  a  significant  volume  shrinkage  on  cure,  increase  the 
average  stress  in  the  matrix  when  used  in  increasing  concentration.  Further,  the  CTBN  is 
designed  for  use  with  epoxy-like  materials.  Thus,  rubber  phase  separation  does  not  occur  as 
effectively  from  the  acrylate  as  the  epoxy;  the  rubber  has  an  increased  compatibility  with  the 
acrylate.  The  Tg  of  the  high-acrylate  systems  are  significantly  reduced  compared  to  the 
low-acrylate  networks,  in  part,  because  of  the  less  efficient  phase  separation  occurring  when 
rubber  materials  are  added  to  toughen  the  network.  The  dilution  of  the  network  structure  with 
long-chain  rubbers  decreases  the  cross-link  density  and,  therefore,  results  in  a  lower  Tg.  Two 
other  key  observations  from  the  figure  is  that  the  fracture  toughness  does  not  appear  to  be  greatly 
affected  by  rubber  concentration  and  that  fracture  toughness  levels  off  below  40%  acrylate.  This 
second  observation  would  indicate  that  an  e-beam  adhesive  is  best  formulated  with  an  acrylate 
concentration  less  than  40  phr  to  achieve  optimum  fracture  toughness. 


Acrylate  Fraction  (%) 

Figure  14.  Impact  of  Methacrylate  Concentration  on  Fracture  Toughness  of  IPNs.  High 
Acrylate  Concentrations  Result  in  an  Increased  Residual  Strain  in  the  Matrix 
Material,  Which  Decreases  the  Influence  of  Toughening  Agents.  Highly 
Strained  Systems  Are  More  Difficult  to  Toughen. 
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6.  Seq-IPN  Adhesives 


Mechanical  tests  were  performed  using  the  ASTM  standard  for  fracture  toughness  [55]  and 
for  LSS  [56].  Both  single-edge  notch  band  (SENB)  and  lap-shear  measurements  are  performed 
using  a  1  -mm/min  loading  rate. 

As  with  epoxy  networks,  the  seq-IPNs  from  EPON  828-P ACM/methacrylate  are  brittle. 
Consequently,  unmodified  seq-IPNs  are  inadequate  for  adhesive  application  just  as  epoxy 
systems.  However,  seq-IPNs  demonstrate  a  higher  baseline  toughness  than  epoxy  materials 
formulated  from  the  same  epoxide-amine  combination.  Improving  the  toughness  of  seq-IPN 
blends  is  key  to  creating  an  alternative  cure  adhesive  by  this  approach.  The  1992  ORNL 
CRADA  demonstrated  the  challenge  in  toughening  e-beam  resins,  especially  cationic  epoxy 
resins.  Recent  characterizations  of  cationic-cured  e-beam  systems  showed  that  toughness  is  not 
achieved  using  traditional  methods  used  in  epoxide-amine  systems,  such  as  CTBN  and 
chain-extender  additions,  because  of  catalyst  poisoning.  However,  seq-IPN  cure  through  similar 
chemical  mechanisms  to  epoxy-amine  and  free  radical  systems  and  should  therefore  be 
effectively  toughened  using  traditional  methods. 

Because  they  are  often  unsupported  and  located  at  interfacial  junctions,  adhesives  experience 
a  larger  apparent  load  than  the  resin  in  a  composite  [47].  Consequently,  adhesives  require  higher 
strength  and  stiffness.  Further,  because  of  the  mixed  Mode  I/n  stresses  experienced  in  adhesive 
loading  (e.g.,  under  lap  shear  conditions),  high  peel  strength  and  ductility  are  also  necessary. 
The  peel  strength  is  directly  proportional  to  toughness,  which  is  a  measure  of  the  ability  of  the 
adhesive  to  absorb  energy  during  loading.  In  the  development  of  candidate  adhesive  materials, 
we  use  simple  screening  techniques,  such  as  LSS  and  fracture  energy,  to  evaluate  the  impact  of 
toughening  on  adhesive  performance.  The  challenge  of  toughening  the  matrix  without 
diminishing  thermal  stability  (e.g.,  glass  transition  temperature)  remains  key  to  adhesive 
development  [55-58].  We  have  already  demonstrated  that  toughened  systems  maintain  their 
thermal  stability,  and  we  will  now  observe  the  effect  of  toughening  on  adhesive  strengths. 
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The  LSSs  of  some  adhesive  formulations  are  listed  on  3501-6  carbon  fiber  composite  panels 
in  Tables  11  and  12.  Prepared  samples  were  tested  as  both  green  and  fully  cured  adhesive 
specimens.  Table  1 1  contains  the  experimental  results  for  double-notch  (DN)  LSSs.  From  our 
initial  experiments,  we  determined  that  bond  strengths  using  DN  testing  on  composite  panels 
would  not  allow  us  to  reach  ultimate  strengths  of  the  adhesives  due  to  premature  interlaminar 
failure  of  the  composite  (EA9394  failed  by  interlaminar  peel).  The  Tg  for  each  of  these  adhesive 
samples  was  measured  using  DSC,  and  the  results  are  listed  in  Tables  1 1  and  12.  The  target  Tg 
of  a  120  °C  (250  °F)  adhesive  is  well  within  the  scope  of  this  effort. 


Table  11.  Double-Notch  (DN)  Lap  Shear  Results  for  Composite  Panels.  Composite 
Interlaminar  Failure  Occurred  at  Very  Low  Values,  Which  Is  Believed  to  Result 
From  the  Preparation  Methods  Used  in  the  DN  Geometry. 


Sample  ID 

Bond  Strength 
(psi) 

DSC-Tg 

(°C) 

JDW62  (two-part) 

2000±200 

120 

JDW63  (two-part) 

2300±280 

121 

JDW73  (one-part) 

1550±200a 

JDW74  (one-part) 

2000±300 

88b 

DEXTER  HYSOL  EA9394 

3200±300 

78 

a  Sample  failed  in  the  bond-line. 
b  Epoxy  network  not  fully  cured  (FTIR). 


Table  12.  Initial  LSSs  for  IPN  Paste  Adhesives  on  Composite  Finger  Specimens 
(ASTMD1002).  All  of  the  Full  Cured  Seq-IPNs  Produced  Composite 
Interlaminar  Failure. 


Sample  ID 

Bond  Strength 
(psi) 

DSC-Tg 

(°C) 

SHM1FA  (two-part,  full  cure) 

2900±400 

120 

SHM1FA  (two-part,  epoxy-amine  cure/no  EB) 

1100±100 

30 

SHM2B  (two-part,  full  cure) 

2750±400 

121 

SHM2B  (two-part,  epoxy-amine  cure/no  EB) 

600±100 

(20) 

SHM3FA  (two-part) 

3100±300 

120 

SHM3B  (two-part) 

3400±400 

121 

DEXTER  HYSOL  EA9394 

3700±300 

78 
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From  finger-joint  lap-shear  measurements  on  3501-6  composites,  we  determined  that  the 
bond  strengths  of  the  e-beam  paste  adhesives  exceed  the  test  limit  for  the  composite.  We 
observed  composite  failure  (stock  break)  in  all  of  the  e-beam-cured  two-part  adhesives.  One-part 
seq-IPN  paste  and  film  adhesives  did  not  exhibit  high  LSSs.  For  example,  JDW73,  an 
untoughened  one-part  paste  adhesive,  and  JDW74,  the  toughened  film  adhesive,  are  40%  as 
effective  bonding  agents  than  two-part  pastes.  The  impact  of  toughening  in  JDW74  is 
represented  by  33%  higher  LSS  than  JDW73,  neglecting  error  analysis.  Phase  separation  is 
evident  in  both  one-  and  two-part  systems  by  formation  of  an  opaque  adhesive  film  on 
epoxy-amine  cure.  As  a  note,  the  two-phase  morphology  for  the  one-part  adhesive  appears  to  be 
temperature  sensitive;  the  opacity  increases  with  increasing  temperature,  which  is  consistent  with 
a  lower  critical  solution  temperature  (LCST)  condition.  The  implication  of  LCST  phenomena  is 
that  the  one-part  materials  are  in  a  realm  of  metastability,  implying  that  controlling  particle  size 
after  e-beam  cure  will  be  a  challenge  using  this  approach. 

After  the  evaluation  of  performance  for  the  samples  shown  in  Tables  1 1  and  12,  we  modified 
the  base  resin  formulations  to  improve  control  of  network  architecture  and  induce  rubber  phase 
separation  and  tested  the  modified  adhesives  on  1-in  x  4-in  x  0.062-in  7075  T6  al  substrates. 
The  results  are  presented  graphically  for  unfilled  and  unsupported  two-part  adhesive  pastes  in 
Figure  15.  The  data  show  a  significant  spread  in  measured  LSS  for  each  formulation,  which  is 
indicative  of  the  need  to  further  improve  matrix  toughness;  however,  the  scatter  in  ADEP01 
(JMS6)  has  been  correlated  with  a  variation  in  e-beam  cure  and  a  correspondingvariation  in  Tg. 
We  assessed  a  typical  toughness  trend  using  the  average  LSSs.  We  are  encouraged  by  the  results 
from  ADEP01  where  the  highest  LSSs  are  >6000  psi.  This  sample  also  exhibits  a  Tg  of  123  °C. 
LSSs  of  this  degree  are  exceptional  for  an  e-beam-cured  adhesive  and  are  comparable  to  the  best 
aerospace  film  adhesive  (CYTEC  FM73  and  Dexter  Hysol  EA9628).  We  believe  that  some  of 
the  variability  in  LSS  results  from  bond-line  thickness  fluctuation  in  addition  to  network  cure 
variation  and  adherent  notch  sensitivity  in  these  resins.  We  will  evaluate  the  impact  of  these 
variables  as  we  continue  to  improve  the  properties  of  the  adhesives.  Control  of  adhesive 
thickness  will  be  addressed  using  both  nonwoven  scrim  cloth  and/or  alumina-silicate 
microballons. 
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Figure  15.  Effect  of  Chain-Extender  Concentration  (EPON  834)  for  10%  CTBN-Filled 
Seq-IPNs  on  the  AI  LSS.  The  Variation  in  LSS  for  ADEP015  Is  Directly 
Correlated  With  a  Degree  of  Cure  in  the  Network.  Tg  Is  Greatest  for  the  Fully 
Cured  Samples,  Which  Also  Exhibit  the  Highest  LSS. 


Despite  the  variability  in  these  initial  experiments,  we  are  confident  that  our  approach  to 
designing  an  e-beam  adhesive,  which  introduces  toughness  through  key  energetic  absorption 
modes,  such  as  matrix  shear  yielding  and  rubber  particle  cavitation,  will  provide  a  rapid 
optimization  of  the  adhesive  LSS  while  maintaining  high  thermochemical  stability.  The 
untoughened  adhesives,  AD,  fail  at  40%  of  the  LSS  of  the  toughened  adhesives  (50%  of  the 
maximum  LSS  of  ADEP01).  We  accomplished  this  improvement  in  toughness  without 
diminishing  the  thermal  stability  from  the  base  adhesive  formulation  (Tg  >120  °C).  From 
Figure  15,  it  is  also  clear  that  the  extent  of  toughening  achievable  in  a  10%  CTBN-modified 
seq-IPN  adhesive,  though  network  design  is  limited  by  the  extent  of  chain-extender  loading. 
Presumably,  this  limitation  results  from  particle-size  variations  in  the  rubber  at  high 
chain-extender  concentration. 


The  results  in  Figures  13  and  16  demonstrate  a  direct  correlation  between  the  fracture 
toughness  of  the  matrix  resin  and  LSS  performance  of  an  adhesive.  Clearly,  the  ability  for  the 
matrix  to  absorb  energy  (e.g.,  through  shear  yielding)  results  in  a  higher  Kic  and  an  equally 
improved  LSS.  By  comparing  these  data  sets,  the  mode  of  failure  in  the  adhesive  lap  shear  can 
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Figure  16.  Effect  of  Rubber  Concentration  on  the  Toughness  of  Adhesive  Pastes  Evaluated 
Using  Al-Al  Lap  Shear  Techniques  on  Finger-Joint  Samples.  In  Conjunction 
With  the  Results  From  Figure  15,  the  Best  Toughening  Is  Achieved  by  Using 
Rubber  and  Chain  Extenders  to  Produce  a  Matrix  Network  Capable  of  Shear 
Yielding  as  Well  as  Rubber  Cavitation. 

be  correlated  to  the  ability  of  the  matrix  to  shear  yield.  The  initial  evidence  demonstrates  the 
importance  of  designing  a  matrix  resin  for  the  adhesive  that  minimizes  the  cross-link  density  of 
the  matrix — maximizes  the  flexibility  of  the  matrix — without  diminishing  the  network  integrity 
orTg. 

LSS  results  for  our  best  toughened  adhesive,  ADEP01,  are  shown  for  2024  T3  Al-Al  and 
IM7/977-3  composite-composite  substrates  in  Table  13.  Also  listed  in  the  table  is  the  average 
displacement  on  failure  for  lap-shear  measurements.  Displacement  can  be  used  to  qualitatively 
compare  toughness  in  addition  to  load  at  failure.  Larger  displacement  is  usually  associated  with 
higher  toughness,  although  displacement  may  not  scale  directly  with  maximum  load.  The 
e-beam-cured  adhesive  paste,  ADEP01,  is  a  strong  candidate  for  aerospace  and  Army 
applications.  The  comparison  is  shown  for  CYTEC’s  FM73  film  adhesives  on  the  same 
substrates  because  FM73  is  among  the  best  adhesive  materials  available.  However,  FM73  has  an 
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Table  13.  Results  From  CAI  Study  of  Adhesive  Pastes  on  Aluminum  (2024  T3)  With 
CYTEC  BR  127  Primer  and  Composite  (IM7/977-33)  Fingers.  Sample  Overlap 
Dimensions  Are  0.5  in  x  1.0  in. 


Aluminum  Lap  Shear  Sample  ID 

Average  Load 
(psi) 

Average  Displacement 
(in) 

ADEP01 

4760±900 

0.060 

ADEP01  (postbake  150  °C) 

4000±200 

0.049 

FM73 

6370±90 

0.115 

Composite  Lap  Shear  Sample  ID 

Average  Load 
(psi) 

Average  Displacement 

(in) 

ADEP01 

4850±700 

0.095 

ADEP01  (postbake  150  °C) 

2710±300 

0.034 

FM73 

5540±200 

0.112 

exceedingly  short  out-time  at  room  temperature  (<3  hr),  while  our  adhesive  resin  produces 
consistent  LSS  after  more  than  12  months  of  room-temperature  storage. 


7.  Conclusions 


The  results  presented  in  this  report  include  a  number  of  preliminary  studies,  which  have 
established  the  importance  of  a  “materials-by-design”  approach  to  developing  new  adhesives  for 
use  with  unique  processing  technologies.  This  report  demonstrates  that  a  design  approach  to 
materials  is  a  successful  mechanism  for  developing  adhesives  with  specific  property  targets.  We 
successfully  demonstrated  the  ability  to  sculpt  and  toughen  e-beam  adhesives,  which  are 
two-stage-cured  epoxy/methacrylate  seq-IPNs.  Future  work  will  involve  evaluating  the  impact 
of  alternate  toughening  materials  (CTBNs,  core-shell  particles,  thermoplastic  particles,  chain 
extenders,  etc.)  on  the  toughness  and  preparing  alternate  adhesive  forms  such  as  one-part  and 
film  adhesives  with  comparable  performances. 
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Appendix: 

Synthesis  of  Methacrylate  Network  Coupling  Materials 
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Seq-IPN  coupling  agents  connect  the  methacrylate  and  epoxy  networks  through  chemical 
bonds,  but  these  materials  are  not  commercially  available  as  methacrylates.  As  a  result,  partially 
methacrylated  epoxide  monomers  were  synthesized  from  various  commercial  diepoxides.  The 
synthetic  method  for  generating  methacrylates  from  epoxides  was  patented  by  Doyle  and 
Kennan.1  The  patent  demonstrates  complete  conversion  of  epoxides  to  acrylates.  It  was 
necessary  to  modify  the  disclosed  synthesis  in  order  to  improve  product  stability  for  partially 
converted  monomers.  In  many  instances,  the  final  product  did  not  possess  long-term  stability. 
Stable  shelf-life  resin  was  achieved  for  all  resins  by  using  a  catalyst  composed  of  a  suitably 
chosen  ratio  of  triphenyl  stibine  to  triphenyl  phosphine.  The  synthesized  resins  are  designated 
by  ARL  #(*),  where  #  designates  the  base  resin  for  the  synthesis  and  (*)  designates  the  extent 
conversion  of  epoxide  to  methacrylate.  The  product  from  each  synthesis  is  a  mixture  of 
mono-epoxy-mono-methacrylate  (MEMM),  diepoxide  (DE),  and  dimethacrylate  (DM)  for  all 
difimctional  epoxide  starting  materials.  The  MEMM  is  the  coupling  agent  that  was  desired. 
Examples  of  synthesized  MEMM  materials  are  shown  in  Table  A-l.  The  mole  ratio  of  these 
materials  was  determined  using  HPLC  where  the  column  phase  is  8/1/1  HaO/acetonitrile/ 
tetrahydrofuran,  and  the  carrier  phase  is  methanol  (CH3OH).  The  HPLC  spectrum  of  a  50% 
methacrylated  EPON  828  epoxide  resin,  ARL1(50),  is  shown  vs.  pure  EPON  828  in  Figure  A-l. 
Figure  A-2  shows  the  HPLC  characterization  spectra  for  a  partially  (50%)  methacrylated  resin 
prepared  from  EPON  834,  a  chain-extending  bis-phenol  A  formulation,  while  Figure  A-3  shows 
completely  methacrylated  EPON  SU-8,  an  octafunctional  epoxide.  The  reference  peak  in  all 
three  figures  is  the  conversion  of  the  DGEBA  (n=l)  at  9.4  min.  Table  A-l  shows  the  conversion 
stoichiometry  for  all  of  the  resins  evaluated  under  this  project.  The  monomer  compositions  are 
determined  by  the  ratio  of  individual  peak  intensity  to  the  sum  of  peak  intensities  from  8  to 
12-min  elution  time.  The  monomer  concentrations  are  recorded  for  each  monomer  in  the  resin 
and  are  listed  by  mole  ratio  in  Table  A-l.  The  mole  ratio  of  these  components  can  be  controlled 
by  changing  the  ratio  of  initial  acid  to  epoxide.  Quantitative  determination  of  the  remaining 
epoxide  content  is  used  to  maintain  epoxy-amine  stoichiometry. 


1  Doyle,  T.  E.,  F.  Fekete,  P.  J.  Kennan,  and  W.  J.  Plant.  “Combination  Catalyst-Inhibitor  for  Beta-Hydroxy 
Carboxylic  Esters.”  U.S.  Patent  3,317,465,  1967. 
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Table  A-l.  Names  and  Conversion  Specifications  for  U.S.  Army  Research  Laboratory 
(ARL)-Synthesized  Monomers 


Designated  Name 

Moles  Acid  per  Mole  DE 

Initial  DE 

Mole  Ratio  of  Monomers 
(MEMM:DE:DM) 

|  ARL-1(50) 

1 

EPON  828 

0.5:0.25:0.25 

ARL-1(66) 

1.3 

EPON  828 

0.1:0.42:0.48 

ARL-2(50) 

1 

EPON  834 

0.51:0.24:0.25 

ARL-2(100) 

2 

EPON  834 

0.08:0.0:0.92 

ARL-3(100) 

2 

EPON  SU-8 

0.06:0.0:0.94 

ARL-4(100) 

2 

EPON  100  IF 

0.08:0.0:0.92 

Figure  A-l.  HPLC  Spectrum  for  ARL1(50)  (Lot  No.  JMS011599)  and  EPON  828 
Precursor.  The  Peak  Areas  for  DE,  MEMM,  and  DM  Are  Indicative  of  the 
Extent  of  Reaction  and  the  Molar  Composition  of  the  Monomer  Mixture. 
The  Selected  Spectrum  Shows  a  Molar  Distribution  of  Monomers 
0.52:0.23:0.25  for  MEMM:DE:DM. 
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Intensity  (arbitrary) 


Figure  A-2.  EPON  834  HPLC  Trace  and  After  50%  Conversion  of  Epoxides  to 
Methacrylate  (ARL2[50]).  Conversion  Is  Representative  of  All  Experimental 
Studies. 


Figure  A-3.  SU-8  HPLC  Trace  and  After  100%  Conversion  of  Epoxides  to  Methacrylate 
(ARL3[100]). 


51 


Intentionally  left  blank. 


52 


NO.  OF 
COPES 

2 


1 


1 


1 


1 


1 


1 


ORGANIZATION 


NO.  OF 
COPES 


DEFENSE  TECHNICAL  1 

INFORMATION  CENTER 
DTIC  DDA 

8725  JOHN  J  KINGMAN  RD 
STE  0944 

FT  BELVOIR  VA  22060-6218 

HQDA  1 

DAMOFDT 

400  ARMY  PENTAGON 

WASHINGTON  DC  20310-0460 

OSD 

OUSD(A&T)/ODDDR&E(R)  1 

RJTREW 

THE  PENTAGON 

WASHINGTON  DC  20301-7100 

DPTY  CG  FOR  RDA 

US  ARMY  MATEREL  CMD  3 

AMCRDA 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

INST  FOR  ADVNCD  TCHNLGY 
THE  UNTV  OF  TEXAS  AT  AUSTIN 
PO  BOX  202797 
AUSTIN  TX  78720-2797 

4 

DARPA 

BKASPAR 

3701  N  FAIRFAX  DR 

ARLINGTON  VA  22203-1714 

NAVAL  SURFACE  WARFARE  CTR 
CODE  B07  J  PENNELLA 
17320  DAHLGRENRD 
BLDG  1470  RM  1101 
DAHLGREN  VA  22448-5100 

US  MEITARY  ACADEMY 
MATH  SCI  CTR  OF  EXCELLENCE 
DEPT  OF  MATHEMATICAL  SCI 
MADN  MATH 
THAYER  HALL 
WEST  POINT  NY  10996-1786 


ORGANIZATION 

DIRECTOR 

US  ARMY  RESEARCH  LAB 

AMSRLD 

DR  SMITH 

2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRLDD 

2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  CS  AS  (RECORDS  MGMT) 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 


ABERDEEN  PROVING  GROUND 
DIRUSARL 

AMSRL  Cl  LP  (BLDG  305) 
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1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  CP  CA  D  SNIDER 
2800  POWDER  MILL  ED 
ADELPHI MD  20783-1145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  OP  SDTA 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783-1 145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  OP  SDTL 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783-1 145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  OP  SD  TP 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783-1 145 

2  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  OP  Cl  AD 
TECH  PUB  BR 
RECORDS  MGMT  ADMIN 
2800  POWDER  MILL  ROAD 
ADELPHI  MD  20783-1197 

1  HQDA 

D  AMI  FIT 
NOLAN  BLDG 

WASHINGTON  DC  20310-1025 

1  DIRECTOR 

DA  OASARDA 
SARD  SO 

103  ARMY  PENTAGON 
WASHINGTON  DC  20310-0103 

1  DEPUTY  ASST  SCY  FOR  R&T 

SARD  TT 

RM  3EA79  THE  PENTAGON 
WASHINGTON  DC  20301-7100 


1  COMMANDER 

US  ARMY  MATERIEL  CMD 
AMXMIINT 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  AE  WW 
E BAKER 

J  PEARSON 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  TD 
CSPINELLI 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  FSE 
TGORA 

PICATINNY  ARSENAL  NJ 

6  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  CCH  A 
W  ANDREWS 
SMUSALLI 
R  CARR 
M  LUCIANO 
E  LOGSDEN 
T  LOUZEIRO 

PICATINNY  ARSENAL  NJ 
07806-5000 

4  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  CC 
G  PAYNE 
J  GEHBAUER 
C  BAULIEU 
HOPAT 

PICATINNY  ARSENAL  NJ 
07806-5000 
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1  COMMANDER 

US  ARMY  ARDEC 
AMSTAARCCHP 
J  LUTZ 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTAARFSFT 
CUVECCHIA 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
US  ARMY  ARDEC 
AMSTAARQACTC 
C PATEL 

PICATINNY  ARSENAL  NJ 
07806-5000 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTAARM 

D  DEMELLA 
FDIORIO 

PICATINNY  ARSENAL  NJ 
07806-5000 

3  COMMANDER 
US  ARMY  ARDEC 
AMSTAARFSA 
A  WARNASH 
BMACHAK- 
MCHIEFA 

PICATINNY  ARSENAL  NJ 
07806-5000 

2  COMMANDER 

US  ARMY  ARDEC 
AMSTAARFSPG 
M  SCHIKSNIS 
D  CARLUCCI 
PICATINNY  ARSENAL  NJ 
07806-5000 


NO.  OF 

COPIES  ORGANIZATION 


1  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  FSP  A 
P  KISATSKY 

PICATINNY  ARSENAL  NJ 
07806-5000 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  CCH  C 
HCHANIN 

S  CHICO 

PICATINNY  ARSENAL  NJ 
07806-5000 

9  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  CCH  B 
P  DONADIA 
FDONLON 
P  VALENTI 
C  KNUTSON 
GEUSTICE 
S  PATEL 
G  WAGNECZ 
RSAYER 
F CHANG 

PICATINNY  ARSENAL  NJ 
07806-5000 

6  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  CCL 
FPUZYCKI 
R  MCHUGH 
D  CONWAY 
EJAROSZEWSKI 
R  SCHLENNER 
MCLUNE 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTA  ARQACT 
D  RIGOGLIOSO 
PICATINNY  ARSENAL  NJ 
07806-5000 
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COMMANDER 
US  ARMY  ARDEC 
AMSTAARSRE 
DYEE 

PIC  ATINNY  ARSENAL  NJ 
07806-5000 


PEO  FELD  ARTILLERY  SYSTEMS 
SFAE  FAS  PM 
H  GOLDMAN 
T  MCWILLIAMS 
PICATINNY  ARSENAL  NJ 
07806-5000 


COMMANDER 
US  ARMY  ARDEC 
AMSTAARWET 
TSACHAR 
BLDG  172 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMY  ARDEC 
SMCAR  ASF 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMY  ARDEC 
AMSTA  ARWELF 
INTELLIGENCE  SPECIALIST 
MGUERRERE 
PICATINNY  ARSENAL  NJ 
07806-5000 

PROECT  MANAGER 
US  ARMYTMAS 
SFAEGSSCTMA 
R  MORRIS 
CKIMKER 
D  GUZOWICZ 
E  KOPACZ 
R  ROESER 
R DARCY 
R  MCDANOLDS 
LDULISSE 
C  ROLLER 
JMCGREEN 
B  PATTER 

PICATINNY  ARSENAL  NJ 
07806-5000 


6  PM  SAD  ARM 

SFAE  GCSS  SD 
COLB  ELLIS 
M  DEVINE 
R  KOWALSKI 
W  DEMASSI 
J  PRITCHARD 
S  HROWNAK 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
PRODUCTION  BASE 
MODERN  ACTY 
AMSMC  PBM  K 
PICATINNY  ARSENAL  NJ 
07806-5000 

3  COMMANDER 

US  ARMY  TACOM 
PM  TACTICAL  VEHICLES 
SFAETVL 
SFAETVM 
SFAETVH 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
PM  ABRAMS 
SFAE  ASM  AB 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 

PMBFVS 

SFAE  ASM  BV 

6501  ELEVEN  MILE  RD 

WARREN  MI  48397-5000 


56 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  COMMANDER 
US  ARMY  TACOM 
PMAFAS 

SFAE  ASM  AF 

6501  ELEVEN  MILE  RD 

WARREN  MI  48397-5000 

2  COMMANDER 
US  ARMY  TACOM 
PM  SURV  SYS 
SFAE  ASM  SS 
TDEAN 

SFAE  GCSS  W  GSI M 
D COCHRAN 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
PM  RDT&E 
SFAE  GCSS  W  AB 
JGODELL 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
PM  SURVIVABLE  SYSTEMS 
SFAE  GCSS  W  GSI  H 
M  RYZYI 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
PMBFV 

SFAE  GCSS  W  BV 
S  DAVIS 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
PM  LIGHT  TACTICAL 
VEHICLES 
AMSTA  TR  S 
AJ  J  MILLS  MS  209 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 


1  COMMANDER 

US  ARMY  TACOM 
PM  GROUND  SYSTEMS 
INTEGRATION 
SFAE  GCSS  W  GSI 
R  LABATTLLE 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
CHIEF  ABRAMS  TESTING 
SFAE  GCSS  WABQT 
T  KRASKIEWICZ 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
AMSTA  SF 

WARREN  MI  48397-5000 

1  COMMANDER 

SMCWVQAEQ 
B  VANINA 
BLDG  44 

WATER  VUET  ARSENAL 
WATER  VLJET  NY  1 2 1 89-4050 

14  COMMANDER 

US  ARMY  TACOM 
ASMTATRR 
J  CHAPIN 
R  MCCLELLAND 
D  THOMAS 
J  BENNETT 
D  HANSEN 
AMSTA  JSK 
S  GOODMAN 
J  FLORENCE 
K  IYER 
J  THOMSON 
AMSTA  TR  D 
D  OSTBERG 
L  HINOJOSA 
BRAJU 
AMSTA  CS  SF 
H  HUTCHINSON 
F  SCHWARZ 
WARREN  MI  48397-5000 
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1  COMMANDER 
SMCWV  SPM 
T  MCCLOSKEY 
BLDG  253 

WATERVLET  ARSENAL 
WATER  VLET  NY  1 2 1 89-4050 

10  BENET  LABS 

AMSTAARCCB 
R  FISCELLA 
GD  ANDREA 
M  SCAVULO 
G  SPENCER 
P  WHEELER 
K  MINER 
J  VASEAKIS 
G  FRIAR 
RHASENBEIN 
SMCAR  CCB  R 
S  SOPOK 

WATERVLET  NY  12189 

2  TSM  ABRAMS 
ATZKTS 

S  JABURG 
W  MEINSHAUSEN 
FT  KNOX  KY  40121 

3  ARMOR  SCHOOL 
ATZKTD 
RBALEN 
JBERG 
APOMEY 

FT  KNOX  KY  40121 

2  HQ  IOC  TANK  AMMO  TEAM 

AMSIO  SMT 
R  CRAWFORD 
W  HARRIS 

ROCK  ISLAND  E  6 1 299-6000 

1  DIRECTOR 

US  ARMY  AMCOM 
SFAE  AV  RAM  TV 
D  CALDWELL 
BUILDING  5300 

REDSTONE  ARSENAL  AL  35898 


4  DIRECTOR 

US  ARMY  CECOM 

NIGHT  VISION  &  ELECTRONIC 

SENSORS  DIRECTORATE 

AMSEL  RD  NV  CM  CCD 

R  ADAMS 

R  MCLEAN 

A  YINGST 

AMSEL  RD  NV  VISP 

E  JACOBS 

10221  BURBECK  RD 

FT  BELVOIR  VA  22060-5806 

2  CDR  US  ARMY  AMCOM 

AVIATION  APPLED  TECH  DIR 
J  SCHUCK 

FT  EUSTIS  VA  23604-5577 

1  US  ARMY  CRREL 

PDUTTA 
72  LYME  RD 
HANOVER  NH  03755 

1  US  ARMY  CERL 
RLAMPO 

2902  NEWMARK  DR 
CHAMPAIGN  E  61 822 

2  US  ARMY  CORP  OF  ENGINEERS 
CERD  C  T  LIU 
CEWETTTAN 

20  MASS  AVE  NW 
WASHINGTON  DC  20314 

10  DIRECTOR 

US  ARMY  NATL  GRND  INTEL  CTR 
DLEITER 
SEITELMAN 
M  HOLTUS 
M  WOLFE 
S  MINGLEDORF 
H  C  ARDLEIGH 
J  GASTON 

W  GSTATTENBAUER 
R  WARNER 
J  CRIDER 

220  SEVENTH  STREET  NE 
CHARLOTTESVILLE  VA  22091 
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1 

1 

9 


ORGANIZATION 


NO.  OF 
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US  ARMY  SBCCOM 
SOLDIER  SYSTEMS  CTR 
BALLISTICS  TEAM 
J  WARD 

MARINE  CORPS  TEAM 

J  MACKIEWICZ 

BUS  AREA  ADVOCACY  TEAM 

W  HASKELL 

SSCNCWST 

W  NYKVIST 

T  MERRILL 

S  BEAUDOIN 

KANSAS  ST 

NATICK  MA  01760-5019 

US  ARMY  COLD  REGIONS 
RSCH  &  ENGRNG  LAB 
PDUTTA 
72  LYME  RD 
HANOVER  NH  03755 

SYSTEM  MANAGER  ABRAMS 
ATZK  TS  LTC  J  H  NUNN 
BLDG  1002  RM  110 
FT  KNOX  KY  40121 

US  ARMY  RESEARCH  OFFICE 
A  CROWSON 
J CHANDRA 
H EVERETT 
J PRATER 
R  SINGLETON 
G  ANDERSON 
D STEPP 
D  KISEROW 
J  CHANG 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

DIRECTORATE  OF  CMBT 

DEVELOPMENT 

CKJORO 

320  ENGINEER  LOOP  STE  141 
FT  LEONARD  WOOD  MO  65473-8929 


1  COMMANDANT 

US  ARMY  FIELD  ARTILLERY  CTR 
ATFS  CD  LTC  BUMGARNER 
FT  SILL  OK  73503  5600 

1  CHIEF  USAIC 

LTC  TJ  CUMMINGS 
ATZB  COM 

FT  BENNING  GA  31905-5800 

1  NAVAL  AIR  SYSTEMS  CMD 
J  THOMPSON 
48142  SHAW  RD  UNIT  5 
PATUXENT  RIVER  MD  20670 

1  NAVAL  SURFACE  WARFARE  CTR 
DAHLGREN  DIV  CODE  G06 
DAHLGREN  VA  22448 

1  NAVAL  SURFACE  WARFARE  CTR 
TECH  LIBRARY  CODE  323 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

3  NAVAL  RESEARCH  LAB 
I WOLOCK  CODE  6383 
R  BADALIANCE  CODE  6304 
LGAUSE 

WASHINGTON  DC  20375 

1  NAVAL  SURFACE  WARFARE  CTR 
CRANE  DIVISION 

M  JOHNSON  CODE  20H4 
LOUISVILLE  KY  40214-5245 

2  COMMANDER 

NAVAL  SURFACE  WARFARE  CTR 
CADEROCK  DIVISION 
R  PETERSON  CODE  2020 
M  CRUTCHFIELD  CODE  1730 
BETHESDA  MD  20084 

2  NAVAL  SURFACE  WARFARE  CTR 
U  SORATHIA 
C  WILLIAMS  CD  6551 
9500  MAC  ARTHUR  BLVD 
WEST  BETHESDA  MD  20817 
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1 
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1 

1 

1 

2 
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DAVID  TAYLOR  RESEARCH  CTR 
SHIP  STRUCTURES  &  PROTECTION 
DEPARTMENT  CODE  1 702 
J  CORRADO 
BETHESDA  MD  20084 

DAVID  TAYLOR  RESEARCH  CTR 
R  ROCKWELL 
W  PHYBULAIER 
BETHESDA  MD  20054-5000 

OFFICE  OF  NAVAL  RESEARCH 
D  SIEGEL  CODE  351 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 

NAVAL  SURFACE  WARFARE  CTR 
J  FRANCIS  CODE  G30 
D  WILSON  CODE  G32 
RD  COOPER  CODE  G32 
J  FRA YSSE  CODE  G33 
E  ROWE  CODE  G33 
T  DURAN  CODE  G33 
L  DE  SIMONE  CODE  G33 
R  HUBBARD  CODE  G33 
DAHLGRENVA  22448 

NAVAL  SEA  SYSTEMS  CMD 
DLIESE 

2531  JEFFERSON  DAVIS  HIGHWAY 
ARLINGTON  VA  22242-5160 

NAVAL  SURFACE  WARFARE  CTR 
M  LACY  CODE  B02 
17320  DAHLGRENRD 
DAHLGREN  VA  22448 

OFFICE  OF  NAVAL  RESEARCH 
J  KELLY 

800  NORTH  QUINCEY  ST 
ARLINGTON  VA  22217-5000 

NAVAL  SURFACE  WARFARE  CTR 
CARDEROCK  DIVISION 
R  CRANE  CODE  2802 
C  WILLIAMS  CODE  6553 
3  A  LEGGETT  CIR 
BETHESDA  MD  20054-5000 


1  NAVSEA  OJRI 

PEO  DD21  PMS500 
G  CAMPONESCHI 
2351  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5165 

1  EXPEDITIONARY  WARFARE 

DIV  N85 
FSHOUP 

2000  NAVY  PENTAGON 
WASHINGTON  DC  20350-2000 

1  AFRLMLBC 

2941  P  STREET  RM  136 
WRIGHT  PATTERSON  AFB  OH 
45433-7750 

1  AFRLMLSS 
R THOMSON 

2179  12TH  STREET  RM  122 
WRIGHT  PATTERSON  AFB  OH 
45433-7718 

2  AFRL 

F  ABRAMS 
J  BROWN 
BLDG  653 

2977  P  STREET  STE  6 
WRIGHT  PATTERSON  AFB  OH 
45433-7739 

1  AFRL  MLS  OL 

L COULTER 
BLDG  100  BAY  D 
7278  4TH  STREET 
HILL  AFB  UT  84056-5205 

1  OSD 

JOINT  CCD  TEST  FORCE 
OSD  JCCD  R  WILLIAMS 
3909  HALLS  FERRY  RD 
VICKSBURG  MS  29180-6199 

1  DEFENSE  NUCLEAR  AGENCY 

INNOVATIVE  CONCEPTS  DIV 
R  ROHR 

6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 
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2 

1 
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WATERWAYS  EXPERIMENT 
D SCOTT 

3909  HALLS  FERRY  RDSCC 
VICKSBURG  MS  39180 

DARPA 

M  VANFOSSEN 
SWAX 

L  CHRISTODOULOU 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

SERDP  PROGRAM  OFC  PM  P2 
C  PELLERJN 
B  SMITH 

901  N  STUART  ST  SUITE  303 
ARLINGTON  VA  22203 

FAA 

MILHDBK  17  CHAIR 
LILCEWICZ 
1601  LIND  AVE  SW 
ANM115N 
RENTON  VA  98055 

FAA  TECH  CTR 
D  OPLINGER  AAR  43 1 
P  SHYPRYKEVICH  AAR  431 
ATLANTIC  CITY  NJ  08405 

OFC  OF  ENVIRONMENTAL  MGMT 
US  DEPT  OF  ENERGY 
PRITZCOVAN 
19901  GERMANTOWN  RD 
GERMANTOWN  MD  20874-1928 

LOS  ALAMOS  NATL  LAB 
F  ADDESSIO 
MS  B216 
PO  BOX  1633 
LOS  ALAMOS  NM  87545 

OAK  RIDGE  NATL  LAB 
RM  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 


5  DIRECTOR 

LAWRENCE  LIVERMORE 
NATL LAB 
R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
M  FINGER  MS  313 
M  MURPHY  L  282 
PO  BOX  808 
LIVERMORE  CA  94550 

7  NIST 

RPARNAS 
J  DUNKERS 

M  VANLANDINGHAM  MS  8621 
J  CHIN  MS  8621 
D  HUNSTON  MS  8543 
J  MARTIN  MS  8621 
D  DUTHINH  MS  861 1 
100  BUREAU  DR 
GAITHERSBURG  MD  20899 

1  OAK  RIDGE  NATL  LAB 

C  EBERLE  MS  8048 
PO  BOX  2009 
OAK  RIDGE  TN  37831 

1  OAK  RIDGE  NATL  LAB 

C  D  WARREN  MS  8039 
PO  BOX  2009 
OAK  RIDGE  TN  37922 

4  DIRECTOR 

SANDIA  NATL  LABS 
APPLIED  MECHANICS  DEPT 
DIVISION  8241 
W  KAWAHARA 
K  PERANO 
D  DAWSON 
PNIELAN 
PO  BOX  969 

LIVERMORE  CA  94550-0096 

1  LAWRENCE  LIVERMORE 
NATIONAL  LAB 
M  MURPHY 
POBOX  808  L  282 
LIVERMORE  CA  94550 
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3  NASA  LANGLEY  RESEARCH  CTR 

MS  266 
AMSRLVS 
WELBER 
F  BARTLETT  JR 
G  FARLEY 

HAMPTON  VA  23681-0001 

1  NASA  LANGLEY  RESEARCH  CTR 

T  GATES  MS  188E 
HAMPTON  VA  23661-3400 

1  USDOT  FEDERAL  RAILROAD 

RDV  31  M  FATEH 
WASHINGTON  DC  20590 

1  DOTFHWA 

JSCALZI 

400  SEVENTH  ST  SW 
3203  HNG  32 
WASHINGTON  DC  20590 

1  FHWA 

EMUNLEY 

6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

1  CENTRAL  INTELLIGENCE  AGENCY 

OTIWDAGGT 
WL  WALTMAN 
PO  BOX  1925 
WASHINGTON  DC  20505 

1  MARINE  CORPS  INTEL  ACTY 

D  KOSITZKE 

3300  RUSSELL  RD  SUITE  250 
QUANTTCO  VA  22134-501 1 

1  NATL  GRND  INTELLIGENCE  CTR 

DIRECTOR 
IANGTMT 
220  SEVENTH  ST  NE 
CHARLOTTESVILLE  VA  22902-5396 

1  DIRECTOR 

DEFENSE  INTELLIGENCE  AGENCY 
TA5KCRELUNG 
WASHINGTON  DC  20310 


1  GRAPHITE  MASTERS  INC 
J  WILLIS 

3815  MEDFORD  ST 

LOS  ANGELES  CA  90063-1900 

1  ADVANCED  GLASS  FIBER  YARNS 

T  COLLINS 

281  SPRING  RUN  LN  STE  A 
DOWNINGTON  PA  19335 

1  COMPOSITE  MATERIALS  INC 

D  SHORTT 
19105  63  AVENE 
PO  BOX  25 

ARLINGTON  WA  98223 

1  COMPOSITE  MATERIALS  INC 

R  HOLLAND 
11  JEWEL  COURT 
ORINDA  CA  94563 

1  COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  SANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 

2  COMPOSIX 
D BLAKE 

L  DIXON 
1200  NEILL  DR 
HEBRUN  OHIO  43025 

4  CYTEC  FIBERITE 

R DUNNE 
DKOHLI 
MGELLIO 
RMAYHEW 
1300  REVOLUTION  ST 
HAVRE  DE  GRACE  MD  21078 

2  SIMULA 

J  COLTMAN 
RHUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

1  SIOUX  MFG 

BKRIEL 
PO  BOX  400 
FT  TOTTEN  ND  58335 
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2  PROTECTION  MATERIALS  INC 
M  MILLER 

F  CRTT.I.F.Y 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 

3  FOSTER  MILLER 
J  J  GASSNER 

M  ROYLANCE 
WZUKAS 
195  BEAR  HILL  RD 
WALTHAM  MA  02354- 1 1 96 

1  ROM  DEVELOPMENT  CORP 
ROMEARA 

136  SWINEBURNE  ROW 
BRICK  MARKET  PLACE 
NEWPORT  RI 02840 

2  TEXTRON  SYSTEMS 
T  FOLTZ 

M  TREASURE 
201  LOWELL  ST 
WILMINGTON  MA  08870-2941 

1  JPS  GLASS 

L  CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 

1  O  GARA  HESS  &  EISENHARDT 
M  GILLESPIE 

9113  LESAINT  DR 
FAIRFIELD  OH  45014 

2  MTT.T.TKF.N  RESEARCH  CORP 
H  KUHN 

M  MACLEOD 
PO  BOX  1926 
SPARTANBURG  SC  29303 

1  CONNEAUGHT  INDUSTRIES  INC 

J  SANTOS 
PO  BOX  1425 
COVENTRY  RI  028 16 


1  BATTELLE 

CR  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 

2  BATTELLE  NATICK  OPERATIONS 
J  CONNORS 

BHALPIN 

209  W  CENTRAL  ST 

STE  302 

NATICK  MA  01760 

1  BATTELLE  NW  DOE  PNNL 

T  HALL  MS  K231 
BATTELLE  BLVD 
RICHLAND  WA  99352 

3  PACIFIC  NORTHWEST  LAB 
M  SMITH 

G  VAN  ARSDALE 
R  SHIPPELL 
PO  BOX  999 
RICHLAND  WA  99352 

1  ARMTEC  DEFENSE  PRODUCTS 
S  DYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADVANCED  COMPOSITE 
MATLS  CORP 
PHOOD 

J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

2  GLCC  INC 
J  RAY 

M BRADLEY 

103  TRADE  ZONE  DR 

STE  26C 

WEST  COLUMBIA  SC  29170 

2  AMOCO  PERFORMANCE 
PRODUCTS 
MMICHNO  JR 
J  BANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 
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1  SAIC 

M  PALMER 

2109  AIR  PARK  ROSE 

ALBUQUERQUE  NM  87 1 06 

1  SAIC 

G  CHRYSSOMALLIS 
3800  W  80TH  ST  STE  1090 
BLOOMINGTON  MN  55431 

1  AAI  CORPORATION 

T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  JOHN  HEBERT 

PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 

12  ALLIANT  TECHS Y STEMS  INC 

C  CANDLAND 
C AAKHUS 
R BECKER 
B  SEE 

N  VLAHAKUS 
RDOHRN 
S  HAGLUND 
D  FISHER 
W  WORRELL 
R  COPENHAFER 
M  HISSONG 
DKAMDAR 
600  2ND  ST  NE 
HOPKINS  MN  55343-8367 

3  ALLIANT  TECHS  Y STEMS  INC 

J  CONDON 
ELYNAM 
J GERHARD 
WV01  16  STATE  RT  956 
PO  BOX  210 

ROCKET  CENTER  WV  26726-0210 

1  APPLIED  COMPOSITES 

WGRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 


1  PROJECTILE  TECHNOLOGY  INC 
515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 

1  CUSTOM  ANALYTICAL 
ENG  SYS  INC 

A  ALEXANDER 
13000  TENSOR  LNNE 
FLINTSTONE  MD  21530 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

KCOOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRIE  TX  75051 

5  AEROJET  GEN  CORP 
D  PILLASCH 
T COULTER 
C  FLYNN 
D  RUBAREZUL 
M  GREINER 

1 1 00  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 

3  HEXCELINC 
RBOE 

F  POLICELLi 
J  POESCH 
PO  BOX  98 
MAGNA  UT  84044 

3  HERCULES  INC 
G  KUEBELER 
J  VERMEYCHUK 
B  MANDERVELLE  JR 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  BRIGS  COMPANY 
J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERNDON  VA  22071-2443 

1  ZERNOW  TECHNICAL  SERVICES 
LZERNOW 

425  W  BONITA  AVE  STE  208 
SAN  DIMAS  CA  91773 
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2  OUN  CORPORATION 

FUNCHBAUGHDIV 
E  STEINER 
B  STEWART 
PO  BOX  127 
RED  LION  PA  17356 

1  OUN  CORPORATION 

L  WHITMORE 
10101  9TH  ST  NORTH 
ST  PETERSBURG  FL  33702 

1  DOWUT 

STIDRICK 
15  STERLING  DR 
WALLINGFORD  CT  06492 

5  SIKORSKY  AIRCRAFT 

GJACARUSO 
T  CARSTENSAN 
B  KAY 

S  GARBO  MSS330A 
J ADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06497-9729 

1  PRATT  &  WHITNEY 

DHAMBRICK 
400  MAIN  ST  MS  114  37 
EAST  HARTFORD  CT  06 1 08 

1  AEROSPACE  CORP 
G  HAWKINS  M4  945 

2350  E  EL  SEGUNDO  BLVD 
EL  SEGUNDOCA  90245 

2  CYTEC  FIBERITE 
M  LIN 

W  WEB 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

1  HEXCEL 

TBITZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 


1  BOEING 

R  BOHLMANN 
PO  BOX  516  MC  5021322 
ST  LOUIS  MO  63 1 66-05 1 6 

2  BOEING  DEFENSE 
&  SPACE  GRP 

W  HAMMOND 
J  RUSSELL 
S  4X55 
PO  BOX  3707 
SEATTLE  WA  98124-2207 

2  BOEING  ROTORCRAFT 

P  MINGURT 
P HANDEL 

800  B  PUTNAM  BLVD 
WALLINGFORD  PA  19086 

1  BOEING 

DOUGLAS  PRODUCTS  DIV 
LJ  HART  SMITH 
3855  LAKEWOOD  BLVD 
D8000019 

LONG  BEACH  CA  90846-0001 

1  LOCKHEED  MARTIN 

S REEVE 
8650  COBB  DR 
D  73  62  MZ  0648 
MARIETTA  GA  30063-0648 

1  LOCKHEED  MARTIN 

SKUNK  WORKS 
D  FORTNEY 
1011  LOCKHEED  WAY 
PALMDALE  CA  93599-2502 

1  LOCKHEED  MARTIN 

R  FIELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  MATERIALS  SCIENCES  CORP 

BW  ROSEN 

500  OFFICE  CENTER  DR  STE  250 
FORT  WASHINGTON  PA  19034 
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1  NORTHROP  GRUMMAN  CORP 
ELECTRONIC  SENSORS  & 
SYSTEMS  DIV 
ESCHOCH 

MAILSTOP  V  16 

1745 A  WEST  NURSERY  RD 

LJNTHICUM  MD  2 1 090 

2  NORTHROP  GRUMMAN 
ENVIRONMENTAL  PROGRAMS 
ROSTERMAN 

A  YEN 

8900  E  WASHINGTON  BLVD 
PICO  RIVERA  CA  90660 

1  UNITED  DEFENSE  LP 

D  MARTIN 
PO  BOX  359 

SANTA  CLARA  CA  95052 

1  UNITED  DEFENSE  LP 
G  THOMAS 

PO  BOX  58123 
SANTA  CLARA  CA  95052 

2  UNITED  DEFENSE  LP 
R BARRETT 

V  HORVATICH 
MAIL  DROP  M53 
328  WBROKAWRD 
SANTA  CLARA  CA  95052-0359 

3  UNITED  DEFENSE  LP 
GROUND  SYSTEMS  DIVISION 
M  PEDRAZZI  MAIL  DROP  N09 
A  LEE  MAIL  DROP  Nil 

M  MACLEAN  MAIL  DROP  N06 
1205  COLEMAN  AVE 
SANTA  CLARA  CA  95052 

4  UNITED  DEFENSE  LP 
4800  EAST  RIVER  RD 
R  BRYNSVOLD 

P  JANKEMS170 
T  GIOVANETTI MS236 
B  VAN  WYKMS389 
MINNEAPOLIS  MN  55421-1498 


2  GENERAL  DYNAMICS 
LAND  SYSTEMS 
DREES 
MPASIK 
PO  BOX  2074 
WARREN  MI  48090-2074 

1  GENERAL  DYNAMICS 
LAND  SYSTEMS 
DBARTLE 
PO  BOX  1901 
WARREN  MI  48090 

1  GENERAL  DYNAMICS 

LAND  SYSTEMS 
MUSKEGON  OPERATIONS 
W  SOMMERS  JR 
76  GETTY  ST 
MUSKEGON  MI  49442 

1  GENERAL  DYNAMICS 
AMPHIBIOUS  SYS 
SURVIVABILITY  LEAD 
G  WALKER 

991  ANNAPOLIS  WAY 
WOODBREDGE  V  A  22191 

5  INST  FOR  ADVANCED  TECH 

TKIEHNE 
H  FAIR 
P  SULLIVAN 
W  REINECKE 
IMCNAB 

4030  2  W  BRAKER  LN 
AUSTIN  TX  78759 

2  CIVIL  ENGR  RSCH  FOUNDATION 
H  BERNSTEIN  PRESIDENT 

R BELLE 

1015  15THSTNWSTE600 
WASHINGTON  DC  20005 

1  ARROW  TECH  ASSO 

1233  SHELBURNE  RDSTED8 
SOUTH  BURLINGTON  VT 
05403-7700 
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CONSULTANT 
R  EICHELBERGER 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

UCLA  MANE  DEPT  ENGR IV 

H  THOMAS  HAHN 

LOS  ANGELES  CA  90024-1597 

UN IV  OF  DAYTON  RESEARCH  INST 

RAN  Y  KIM 

AJITKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

MIT 

PLAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 

BT  RESEARCH  CTR 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

GEORGIA  TECH  RESEARCH  INST 
GEORGIA  INST  OF  TECHNOLOGY 
PFRIEDERICH 
ATLANTA  GA  30392 

MICHIGAN  ST  UN IV 

RAVEREJL 

3515  EBMSM  DEPT 

EAST  LANSING  MI  48824-1226 

UN IV  OF  KENTUCKY 
LPENN 

763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

UNIV  OF  WYOMING 
D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 


1  UNIV  OF  UTAH 

DEPT  OF  MECH  &  INDUSTRIAL 
ENGR 

S  SWANSON 

SALT  LAKE  CITY  UT  84 1 1 2 

2  PENNSYLVANIA  STATE  UNIV 
RMCNITT 

CBAKIS 

227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENNSYLVANIA  STATE  UNIV 
RENATA  S  ENGEL 
245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

1  PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 
C  T  SUN 

W  LAFAYETTE  IN  47907- 1 282 

1  STANFORD  UNIV 

DEPARTMENT  OF  AERONAUTICS 
AND  AEROBALLISTICS 
DURANT  BUILDING 
S  TSAI 

STANFORD  CA  94305 

1  UNIV  OF  DAYTON 
JM  WHITNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

7  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MATRLS 
J  GILLESPIE 
M  SANTARE 
G  PALMESE 
S  YARLAGADDA 
S  ADVANI 
DHEEDER 
DKUKICH 

201  SPENCER  LABORATORY 
NEWARK  DE  19716 
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1  UNIV  OF  ILLINOIS 

AT  URB  ANA  CHAMPAIGN 

NATL  CTR  FOR  COMPOSITE  1 

MATERIALS  RESEARCH 

2 1 6  TALBOT  LABORATORY 

J  ECONOMY 

104  S  WRIGHT  ST 

URB  ANA  EL  61801 

3  THE  UNIV  OF  TEXAS 

AT  AUSTIN  1 

CTR  FOR  ELECTROMECHANICS 
J  PRICE 
A  WALLS 
J  KITZMTT I  F.R 

10100  BURNET  RD  115 

AUSTIN  TX  78758-4497 

3  VA  POLYTECHNICAL  INST 

STATE  UNIV 
DEPTOFESM 
MWHYER 
K  REEFSNEDER 
RIONES 

BLACKSBURG  VA  24061-0219 

1  NORTH  CAROLINA  STATE 

UNIV 

CIVIL  ENGINEERING  DEPT 
WRASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

1  UNIV  OF  MARYLAND 

-  DEPT  OF  AEROSPACE  ENGINEERING 
ANTHONY  I VTZZTNI 
COLLEGE  PARK  MD  20742 

1  DREXEL  UNIV 

ALBERT  SD  WANG 

32ND  AND  CHESTNUT  STREETS 

PHILADELPHIA  PA  19104 

1  SOUTHWEST  RSCH  INST 

ENGR  &  MAIL  SCIENCES  DIV 
JRIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 


ABERDEEN  PROVING  GROUND 

COMMANDER 
US  ARMY  MATERIEL  SYS 
ANALYSIS 
P  DIETZ 

392  HOPKINS  RD 
AMXSYTD 
APGMD  21005-5071 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRLOP  APL 
APGMD 21005  5066 

DIR  USARL 
AMSRLCI 
AMSRLCIH 
WSTUREK 
AMS  RL  CIS 
A  MARK 
AMSRL  CS  IO  FI 
M  ADAMSON 
AMSRL  SLB 
J  SMITH 
AMSRL  SL  BA 
AMSRL  SLBL 
D  BELY 
R HENRY 
AMSRL  SLBG 
A  YOUNG 
AMSRL  SLI 
AMSRL  WMB 
A HORST 
E  SCHMIDT 
AMSRL  WM  BA 
W  DAMICO 
F BRANDON 
AMSRL  WMBC 
P  PLOST1NS 
D  LYON 
JNEWILL 
S  WILKERSON 
A  ZIELINSKI 
AMSRL  WM  BD 
B  FORCH 
RFIFER 

R  PESCE  RODRIGUEZ 
BRICE 
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ABERDEEN  PROVING  GROUND  (CONT) 

AMSRLWMBE 
G  WREN 
CLEVERITT 
DKOOKER 

AMSRLWMBR 
C  SHOEMAKER 
J  BORNSTEIN 

AMSRLWMM 
D  VIECHNICKI 
GHAGNAUER 
J  MCCAULEY 
B TANNER 

AMSRLWMMA 
RSHUFORD 
PTOUCHET 
N  BECK  TAN 
D  FLANAGAN 
L  GHIORSE 
D  HARRIS 
S  MCKNIGHT 
PMOY 
SNGYUEN 
P  PATTERSON 
G  RODRIGUEZ 
ATEETS 
R  YIN 

AMSRLWMMB 
B  FINK 
J  BENDER 
TBLANAS 
T  BOGETTI 
RBOSSOU 
L BURTON 
KBOYD 
S  CORNEUSON 
PDEHMER 
R DOOLEY 
W  DRYSDALE 
G  GAZONAS 
S  GHIORSE 
D  GRANVILLE 
D  HOPKINS 
C  HOPPEL 
D  HENRY 
RKASTE 
M  KLUSEWITZ 
MLE  ADORE 
RLEEB 


ABERDEEN  PROVING  GROUND  (CON'D 

AMSRLWMMB 
E  RIGAS 
J  SANDS 
D  SPAGNUOLO 
W  SPURGEON 
JTZENG 
E  WETZEL 
A  AB  RAH  AMI  AN 
M  BERMAN 
A  FRYDMAN 
TO 

W  MCINTOSH 
E  SZYMANSKI 
AMRSLWMMC 
J BEATTY 
J  SWAB 
ECHIN 

J  MONTGOMERY 
A  WERESCZCAK 
J  LASALVIA 
J  WELLS 
AMSRLWMMD 
WROY 
S  WALSH 
AMSRLWMT 
B BURNS 
AMSRLWMTA 
WGILUCH 
T HAVEL 
J  RUNYEON 
M  BURKINS 
E  HORWATH 
B GOOCH 
W  BRUCHEY 
AMSRLWMTC 
R  COATES 
AMSRLWMTD 
A  DAS  GUPTA 
THADUCH 
T  MOYNIHAN 
F GREGORY 
ARAJENDRAN 
M  RAFTENBERG 
M  BOTELER 
T  WEERASOORI Y  A 
D  DANDEKAR 
A  DIETRICH 
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ABERDEEN  PROVING  GROUND  (CON'D 

AMSRLWMTE 
ANIILER 
J  POWELL 
AMSRLSS  SD 
H  WALLACE 
AMSRLSS  SER 
R CHASE 
AMSRLSS  SEDS 
RREYZER 
R  ATKINSON 
AMSRLSEL 
R  WEINRAUB 
J  DESMOND 
D  WOODBURY 
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R  MARTIN 

MERL 

LTD 

TAMWORTH  RD 
HERTFORD  SG13  7DG 
UNITED  KINGDOM 

PW  LAY 

SMC  SCOTLAND 
DERAROSYTH 
ROSYTH  ROYAL  DOCKYARD 
DUNFERMLINE  FIFE  KY  1 1  2XR 
UNITED  KINGDOM 

T  GOTTESMAN 

CIVIL  AVIATION  ADMINISTRATION 
PO  BOX  8 

BEN  GURION  INTERNL  AIRPORT 
LOD  70150  ISRAEL 

S ANDRE 
AEROSPATIALE 
ABTECCRTEMD132 
316  ROUTE  DE  BAYONNE 
TOULOUSE  31060 
FRANCE 

J BAUER 

DAIMLER  BENZ  AEROSPACE 
D  81663  MUNCHEN 
MUNICH 
GERMANY 

DRA  FORT  HALSTEAD 
PETER  N  JONES 
DAVID  SCOTT 
MIKE  HINTON 

SEVEN  OAKS  KENT  IN  147BP 
UNITED  KINGDOM 

FRANCOIS  LESAGE 
DEFENSE  RESEARCH  ESTAB 
VALC  ARTIER 
PO  BOX  8800 

COURCELETTE  QUEBEC  COA 
IRO  CANADA 


2  ROYAL  MILITARY  COLLEGE  OF 

SCIENCE  SHRIVENHAM 
DBULMAN 
B  LAWTON 

SWINDON  WILTS  SN6  8LA 
UNHED  KINGDOM 

1  SWISS  FEDERAL  ARMAMENTS 

WKS 

WALTER  LANZ 
ALLMENDSTRASSE  86 
3602  THUN 
SWITZERLAND 

1  PROFESSOR  SOL  BODNER 

ISRAEL  INST  OF 
TECHNOLOGY 

FACULTY  OF  MECHANICAL  ENGR 
HAIFA  3200  ISRAEL 

1  DSTO  MATERIALS  RSRCH  LAB 

DR  NORBERT  BURMAN  NAVAL 
PLATFORM  VULNERABILITY  SHIP 
STRUCTURES  &  MATERIALS  DIV 
PO  BOX  50 

ASCOT  VALE  VICTORIA 
AUSTRALIA  3032 

1  PROFESSOR  EDWARD  CELENS 

ECOLE  ROYAL  MEJTAIRE 
AVE  DE  LA  RENAISSANCE  30 
1040  BRUXELLE 
BELGIQUE 

1  DEF  RES  ESTABLISHMENT 

VALC  ARTIER 
ALAIN  DUPUIS 

2459  BOULEVARD  PIE  XI  NORTH 
VALCARTTER  QUEBEC 
CANADA 

PO  BOX  8800  COURCELETTE 
GOA  IRO  QUEBEC  CANADA 
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INSTITUT  FRANCO  ALLEMAND  DE 

RECHERCHES  DE  SANIT  LOUIS 

DE  MARC  GIRAUD 

RUE  DU  GENERAL  CASS  AGNOU 

BOITE  POSTALE  34 

F  68301  SAINT  LOUIS  CEDEX 

FRANCE 

JMANSON 
ECOLE  POLYTECH 
DMXLTC 

CH  1015  LAUSANNE  SWITZERLAND 

TNO  PRINS  MAURITS  LAB 
ROB  USSELSTEIN 
LANGE  KLEIWEG  137 
PO  BOX  45 
2280  AA  RUSWUK 
THE  NETHERLANDS 

FOA  NATL  DEFENSE 
RESEARCH  ESTAB 
BOJANZON 
RHOLMUN 

DIR  DEPT  OF  WEAPONS  & 
PROTECTION 
S  172  90  STOCKHOLM 
SWEDEN 

DEFENSE  TECH  &  PROC  AGENCY 
GRND 

I CREWTHER 
GENERAL  HERZOG  HAUS 
3602  THUN 
SWITZERLAND 

MINISTRY  OF  DEFENCE 
RAFAEL 

MEIRMAYSELESS 
ARMAMENT  DEVELOPMENT  AUTH 
PO  BOX  2250 
HAIFA  31021  ISRAEL 

AKE  PERSSON 
DYNAMEC  RESEARCH  AB 
PARADISGRND  7 
S  151  36  SODERTALJE 
SWEDEN 


1  ERNST  MACH  INSTITUT  EMI 

DIRECTOR 
HAUPTSTRASSE  18 
79576  WEIL  AM  RHEIN 
GERMANY 

1  ERNST  MACH  INSTITUT  EMI 
ALOIS  STTLP 
ECKERSTRASSE  4 
7800  FREIBURG 
GERMANY 

1  IR  HANS  PASMAN 

TNO  DEFENSE  RESEARCH 
POSTBUS  6006 
2600  JA  DELFT 
THE  NETHERLANDS 

1  BITAN  HIRSCH 

TACHKEMONY  ST  6 
NETAMUA  426 1 1 
ISRAEL 

1  MANFRED  HELD 

DEUTSCHE  AEROSPACE  AG 
DYNAMICS  SYSTEMS 
POBOX  1340 

D  86523  SCHROBENHAUSEN 
GERMANY 
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